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ABSTRACT 
 
 
 
Metal casting is an energy and materials intensive manufacturing process, which is an important 
U.S. industry.  This study analyzes iron casting, in particular, for possible improvements that will 
result in greater efficiencies and therefore greater global competitiveness.  The quantity and types 
of materials and energy used are dependent on the technologies selected and the cast part 
parameters.  The most energy intensive step is melting, which is explored with an input-output 
analysis and an exergy comparison of three major technologies: cupola melting and the heel and 
batch types of coreless electric induction melting.  The major goal of this project is the creation of 
a material and energy flow model of the typical iron casting facility.  This input-output process 
model is used to analyze the effect that different melting technologies will have on energy, 
materials and pollution, including selected upstream processes.  Findings show that energy and 
the associated carbon dioxide emissions vary widely with melting technology and the relative 
benefits depend on where the boundaries are drawn in the analysis.  An understanding of the 
current technology then allows for the analysis of new technologies under development and how 
they will affect the facility in terms of material and energy use, pollution and economics.  The 
model is based on data collected from partner casting companies.  The study concludes with a 
review of the available policy options which can improve the environmental profile of the 
facilities.   
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Chapter 1: Metal Casting and Industrial Ecology 
 
Introduction 
 
If our goal is to affect lasting change to the way that industry consumes scarce resources and 
emits pollutants, then we need to address these problems from a systems perspective.  It is not 
sufficient to isolate an industry from its upstream suppliers or its downstream customers because 
these are vital contributors to the total impact that an industry will have and they determine the 
choices that are available due to the constraints they apply. 
 
The urgency with which we view the problems of inefficient use of energy and materials and 
pollution creation is due to the burgeoning world population, which is currently growing at a rate 
of 1.167% per year [1] with a doubling of the population occurring in 60 years if growth 
continues at the present pace.  This will result in an ever increasing demand for food, land and 
material products.  The developing countries of the world are striving to reach the level of 
material comfort that the developed world takes for granted, and with current technology, we will 
not be able to sustain these demands.  These serious problems must be dealt with because they 
threaten the ability of the world to support the needs of the human population, let alone other 
living creatures, and can result in the destabilization of nations.   
 
Industrial ecology takes a systemic view of the way that materials and energy flow through the 
economy.  It is defined in the book Industrial Ecology by Graedel and Allenby:  
 
The concept requires that an industrial system be viewed not in isolation from its 
surrounding systems, but in concert with them.  It is a systems view in which one 
seeks to optimize the total materials cycle…[2, p.18] 
 
The main tools of industrial ecology are the life-cycle inventory and subsequent analysis and the 
exergy analysis.  These provide a framework by which to understand the total effect that a 
product or an industrial process has on the environment and allow us to make comparisons.  In 
this work, an analysis of the iron casting industry is performed, with the goal of showing that 
industrial ecology methods can be applied to this industry and used in order to enable it to 
improve its energy and environmental footprint.  The basis for this research is the concept that it 
is to our benefit as a country to keep the heavy manufacturing industries within our borders.  This 
is not to imply that they should be allow to freely pollute the environment, but that we should 
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make an effort to understand where the problems are occurring so that we can make intelligent 
decisions in the formulation of environmental policy.                
 
In order to understand where in an industry resources are consumed and pollution emitted, it is 
necessary to construct a facility level process overview.  From a review of the different 
technology choices, we can make decisions about where the areas for improvement lie and thus 
optimize the research process to save both time and funding.  Through this analysis, the goal is 
not just to capture and control pollution at the end of the process, but to find technology change 
options that will allow us to prevent the creation of that pollution in the first place.   
 
The iron casting industry is compelling because it is still a healthy U.S. industry. Worldwide, the 
U.S. remains a leader in iron casting exports.  The only nation with larger production volumes is 
China, which surpassed the U.S. in the 1990’s.   The industry is a consumer of recycled iron and 
steel and is an important employer in many communities throughout the U.S.  The industry 
consists of mainly small and medium sized foundries, 70% with less than 100 employees, which 
all together employed more than 86,000 people as of 1997 [3].  However, as a heavy 
manufacturing industry, they have continuing problems with community objections to pollution 
releases and rising costs of fuels and materials.  There is a history of animosity between the 
industry and the U.S. Environmental Protection Agency (EPA) due to misunderstandings and 
unaligned motivations.  In this analysis of the industry, we strive to understand the sources of 
energy and materials use inefficiency and of pollution creation in the effort to identify 
opportunities for innovation in both technology and policy.        
 
World Market Share of Iron Castings 2004
Japan
7.7%
Germany 
6.5%
India
6.1%
All Other Nations
27.4%
Russia
9.5%
United States
14.0%
China
28.9%
 
Figure 1.1: World Market Share of Iron Castings (data from [4]) 
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The objective of this study is to evaluate the use of energy and materials in the iron casting 
industry through the use of several analytical methods.  Processes at the facility level are 
evaluated for their contributions to resource consumption and emissions.  Key areas for possible 
improvements will be identified and new technology developments will be analyzed for their 
ability to reduce the impact of casting.  Finally, the role of the metal casting industry as a 
consumer of scrap materials will be addressed and new policy-making goals and options for 
increased global competitiveness explored.   
 
 
U.S. Iron Casting Industry Trends 
 
The U.S. foundry industry casts many types of metals, as can be seen in Figure 1.2.  In 2004, 
about 12.3 x 10
6
 metric tonnes of castings were shipped and of these 77% were ferrous metals 
(ductile iron, gray iron, malleable iron and steel).  Over time, the distribution of metal types sold 
has changed.  Ductile iron, aluminum and magnesium all show increases in casting tonnes 
shipped.  Gray iron, which once dominated the ferrous castings market, has been showing a 
steady decrease in sales as the automobile industry has moved toward lighter metals.   
      
Estimated U.S Foundry Castings Types by Weight in 2004
(12.3 x 10^6 Tonnes)
Gray Iron, 34.6%
Ductile Iron, 32.6%
Malleable Iron, 1.3%
Steel, 8.4%
Other non-ferrous, 
2.2%
Zinc, 2.7%
Copper Alloy, 2.3%
Aluminum, 15.9%
 
Figure 1.2: U.S. Foundry Production 1999 (data from [4]) 
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Figure 1.3: U.S. Foundry Production From 1984-2005 (data from [4]) 
 
 
Currently, ductile iron and gray iron have about equal share of the iron castings market, which is 
the focus of this study.  Since, as seen in Figure 1.3, ductile iron appears to be on the path to 
overtaking gray iron as the most popular casting type, much of the analysis will focus on this 
metal.  Additionally, much of the literature does not address the ductile iron foundry and the 
switch from gray to ductile will have some interesting effects on the resource use of the industry 
as a whole.      
 
Iron Casting Melt Types 2004 
(8.5 x 10^6 Tonnes) 
Ductile Iron 
48%
Malleable Iron
2%
Gray Iron 
50%
 
Figure 1.4: Iron Casting Melt Types 2004 (data from [4]) 
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The types of ferrous cast metals are gray, ductile and malleable iron and steel.  These melt types 
have very slightly different metallurgy, which then affects the properties of the material such as 
strength, hardness and ductility.  Table 1.1 shows the different percentages of the five most 
important additions to the element iron in the melt.  Carbon can be present in the casting either in 
free form, graphite flakes or nodules, or in the chemically bonded form cementite, Fe3C [5, 6].  
Free carbon in flaky graphite form is a characteristic of gray iron.  Malleable iron is more ductile 
than gray iron, and it is formed by heat-treating white iron, which has its carbon present in 
chemically bonded cementite.  Ductile iron is created by adding magnesium to the melt, which 
causes the free graphite to present in spheriodal form rather than flake form, thereby increasing 
both the strength of the material and its ductility.  Silicon in the melt helps to increase the 
graphitization of the carbon.  A small amount of sulfur is needed in the melt in order to help the 
iron form nucleation sites, but the rest of it needs to be neutralized with manganese, which is why 
the sulfur/manganese ratios are closely watched [5].  Phosphorus content is kept within tight 
parameters in order to prevent it from either causing areas of brittleness due to too much, or from 
causing finning into the sand mold with too little [6].  Many of these elements can be adjusted 
with ferroalloys or by slagging the melt, but they must be monitored in order to ensure that the 
characteristics of the melt will meet the product specifications.               
 
 
Element Gray Iron Ductile Iron Malleable Iron Steel
Carbon 2.0 - 4.0% 1.8 - 3.6% 3.0 - 4.0%  < 2.0%
Silicon 1.0 - 3.0% 0.5 - 1.9% 1.4 - 2.0% 0.2 - 0.8%
Manganese 0.40 - 1.0% 0.25 - 0.80% 0.5 - 0.8% 0.5 - 1.0%
Sulfur 0.05 - 0.25% 0.06 - 0.20% < 0.12% < 0.06%
Phosphorus 0.05 - 1.0% 0.06 - 0.18% < 0.15% < 0.05%
Chemical Composition of Ferrous Castings 
 
Table 1.1: Percent Chemical Composition of Ferrous Castings [7]  
 
 
The end use markets for gray iron and ductile iron can be seen in Figures 1.5 and 1.6.  These end 
uses determine the specifications for the industry’s new production and are also future sources of 
old scrap.  As can been seen, the automotive industry is directly responsible for 59% of the gray 
iron and 35% of the ductile iron casting production.  The automotive industry is also the most 
important source of scrap metals, which will be discussed in more detail in Chapter 4. 
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Gray Iron Casting End Use Markets in 2003
Other, 4%
Household Appliances, 
1%
Pumps and 
Compressors, 2%
Valve & Pipe Fittings, 
7%
Soil/Pressure pipe, 1%
Trucks, 18%
Construction 
Machinery, 3%
HVAC Equipment, 8%
Industrial Machinery, 
2%
Automobiles, 39%
Construction/Municipal 
Castings, 8%
Other Motor Vehicles, 
2%
Mining & Oil/Gas 
Machinery, 1%
Farm and Garden 
Equipment, 4%
 
Figure 1.5: Gray Iron End Use Markets (data from [8]) 
 
 
 
Ductile Iron Casting End Use Markets in 2003
Soil/Pressure pipe, 48%
Construction Machinery, 
1%
Plumbing, 2%
Farm and Garden 
Equipment, 2%
Automobiles, 26%
Other, 7%
Valve & Pipe Fittings, 
4%
Industrial Machinery, 
1%
Trucks, 9%
 
Figure 1.6: Ductile Iron End Use Markets (data from [8]) 
 
 15 
 
Overview of the Metal Casting Processes  
 
The individual technology choices made by the iron casting industry have a direct effect on the 
types and quantity of resources used and the pollutants emitted.  Though the particular processes 
used may vary slightly, the basic idea remains, which is to pour molten metal into a mold to 
impart the desired shape on the metal as it hardens.  A simplified flow model is shown in Figure 
1.7.  A mold is created that defines the inside and outside surface characteristics, using core 
pieces if necessary.  Metal is melted in a furnace and then poured into the mold.  After the casting 
has solidified, it is shaken out of the mold and the excess material is removed.  The casting then 
proceeds to finishing where it can undergo various processes, such as shot blasting, grinding and 
painting.  Compressed air is used throughout the foundry in order to perform operations such as 
cleaning of castings, compaction of sand and pollution control.      
 
MeltingCore Making
Mold Making
Pouring/
Cooling/
Shakeout
Finishing
Metal 
Melt
Core 
Molds
Sand
Unfinished 
Metal PartSand Mold
Diagram of Major Casting Processes 
and Their Products
Finished 
Metal Part
Compressed
Air
(to all)
Return 
Metal
 
Figure 1.7: Diagram of the Major Casting Processes and Their Products 
 
Sixty percent of metal casting is done using the greensand molding process [9], which involves 
the use of compacted wet sand that is formed around a pattern and fitted together to form a mold 
(Figure 1.8).   More metal than is needed for the final part must be melted in the furnace because 
some melt will be hardened in the channel system into the mold and in structures called risers, 
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which are the last to areas to solidify and thereby ensure that enough melt is available to fill areas 
of shrinkage during solidification.  The ratio of the amount of product to the amount of metal 
poured is known as the yield and it has a very important effect on the amount of energy used in 
the foundry.   
 
 
Figure 1.8:  Greensand Mold [10]  
 
 
For an overview of the materials and energy flows in a foundry please see Figure 1.9.  This 
diagram shows a simplified green sand molding foundry.  The two major material flows in a 
foundry are the metal flow and the sand flow.  The excess metal that is poured into the mold is 
not wasted, but collected and returned to the furnace to be remelted.  The sand used for the cores 
and molds is likewise reused, except for a small portion, which must be discarded in order to keep 
the sand specifications constant.  When the melt contacts the sand, some of the grains will be 
broken down to smaller sized particles, which is where the dust from the pouring, cooling and 
shakeout areas mainly comes from.  These fine particles could cause a blow out of the mold if 
they remain in too high quantity because they prevent the gases from escaping and therefore, 4-
6% of sand must be landfilled [11].  Also of note, is that the core molding process currently uses 
only new sand because of the grain size requirements and the need for clean sand.         
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Figure 1.9: Foundry Process Overview 
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Major Foundry Technology Choices 
 
For all of the steps described in Figure 1.9, there are a few different technology choices that the 
foundry can pick from.  These choices are dictated by the type of parts the foundry produces, the 
size of the foundry, the production rate and regulations.  The following is a description of several 
of the technology options available.  In this study, the focus will be on the changes in impact that 
are a result of furnace type selection and of prospective new technology choices that are currently 
being researched.  The effect of molding process choice on the environmental impacts of the 
foundry is an area that is available for future research.  There is one study on the aluminum 
industry that addresses the impact for the aluminum casting processes based on molding 
technology and the findings there indicate that there is in fact a difference in impact due to input 
material and emissions differences.      
 
Melting Furnace:  
 
 Cupola Melting Furnace: This furnace uses metallurgical coke as a fuel source and will 
often use additional oxygen injection in order to increase the melt rate.  The cupola is a 
continuous process that takes in a metallic charge that can be more varied than with 
electric induction due to the ability to slag off many impurities and to reduce metallic 
oxides.  The cupola utilizes the combustion of coke to generate the heat  needed to melt 
the scrap and therefore carbon monoxide, volatile organics and low melting point metals 
will escape from the stack and pollution control devices are needed.       
 
 Electric Induction Coreless Melting Furnace:  There are two different types of coreless 
induction furnaces that are used to melt iron: the heel melter and the batch melter.  Both 
processes are “batch” type processes where melt output occurs at intervals, however, 
there are major differences between a heel melter and a batch melter due to the 
electronics involved.  The heel melter requires that the chamber always remain 
approximately 2/3 full in order to transfer the magnetism through the melt.  The batch 
melter, however, can be fully emptied every time because the advanced solid state 
electronics allow it to raise the frequency of the incoming power so that it will transfer 
current to the charge at the optimal level [12].  This implies that the batch furnace can be 
turned off when there is no active melting taking place, which is a big energy-saving 
advantage.  Additionally, electric induction melters require a natural gas preheater in 
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order to increase the melt rate and to ensure that there is no water on the incoming metal.  
This is especially important for a heel melter because any water submerged below the 
melt line would cause an explosion as the water instantly evaporated.  
 
Molding Types: 
 
 Green Sand:  Green sand molds are made through the compaction of sand, water, clay 
and organic additives (usually seacoal).  The percentages of water and clay are important 
because they are the binders that enable the mold to maintain its shape.  The seacoal and 
other organics are used for several reasons which are not fully understood.  The seacoal at 
the location of the metal/sand interface combusts, creating a layer of volatile organics that 
prevent the sand from adhering to the metal as it is solidifying, giving the needed surface 
finish.  There are several types of green sand molding devices, which run from being 
fully automatic to fully manual.  The selection of a device for molding will depend on the 
size of the part, the number of pieces being cast and the direction of the parting line.  
Some parts, such as a manhole cover, must have a horizontal part line and would 
therefore be cast in a different type of unit than a valve that would use a vertical part line.  
Additionally, very large parts may not fit inside the fully automated lines and will 
therefore need to be manufactured in a line that involves more labor. 
 
 Lost Foam:  The lost foam process uses a polystyrene or polymethylmethacrylate 
(PMMA) form to keep the desired shape inside of a compacted dry sand mold [13].  The 
melt combusts the foam upon contact and flows into the mold in the shape left by the 
foam.  This system can make parts that are closer to net shape because it does not require 
a draft in order to pull the pattern out of the mold like the green sand system.  This 
system also eliminates the need for cores.    
  
 
Core Molding Types: 
 
 Phenolic Urethane, GM Bond, Etc:  There are many different technologies that can be 
employed for core making, which will depend on the intricacy of the shape, speed and 
environmental concerns.  Cores use a binder system that can be set using a variety of 
methods including, hotbox, coldbox, and no-bake.  The hotbox system uses heat in order 
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to cure a resin, the coldbox method uses a gas catalyst for curing and the no-bake system 
uses resins that cure at room temperature.  The core-making process that is used in this 
analysis is a phenolic urethane coldbox system with an amine gas catalyst.  
 
 
Pollution Control: 
 Afterburners and Thermal Oxidizers:  Afterburners use natural gas to combust organics 
and oxidize the carbon monoxide that is a result of the low oxygen levels found in the 
melting zone.  There are afterburners located at the top of the cupola stack.  When these 
are located in other areas of the foundry they are called thermal oxidizers.        
 
 Baghouses:  Baghouses use fabric filters to catch around 99% of the particulates that 
enter the system.  They are much lower maintenance and materials intensive than wet 
scrubbers [14].       
 
 Wet-Scrubbers:  Wet-scrubbers use a large quantity of water to catch particulates in the 
air stream.  They are able to capture on average about 95% of particulates in the air 
stream.  Wet-scrubbers create sludge that must be de-watered before disposal.     
 
 
New Technology Developments:  
Researchers have been attempting to develop ways in which to reduce the emissions from 
foundries and to lower their operating costs.  One of the most promising areas is advanced 
oxidation, which uses hydrogen peroxide and ozone to oxidize organic compounds.  The 
application of advanced oxidation in the foundry and the ability of this process to reduce 
materials, energy and emissions will be discussed in Chapter 2.   
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Literature and National Database Review: 
 
Energy Use: 
 
The data on sources of energy used by the metal casting sector is not easy to decipher because 
each study evaluates different pieces of the sector and uses different processes in the calculation.  
In a study by the DOE in 1999, there is an overall metal casting industry (including the non-
ferrous metals) analysis of energy use, which is shown in Figure 1.10.  In this study, much of the 
energy comes from natural gas.  Since the ferrous castings industry uses very few gas-fired 
furnaces, this is not accurate for that particular sector.  The information that we have about the 
breakdown of energy sources for the ferrous castings sector is not a survey, but the analysis of 
several individual foundries done by the DOE in 2004.  The findings for four foundries are shown 
in Table 1.2.  
 
Metal Casting Energy Use Breakdown
Coke, 18.9%
Other, 1.2%
Natural Gas, 21.4%
Electricity Losses, 
39.0%
Electricity, 19.5%
 
Figure 1.10: Metal Casting Energy Use Breakdown [9] 
 
 
Coke 38.0% 4,881     MJ 41.6% 5,714     MJ
Natural Gas 17.6% 2,268     MJ 13.7% 1,886     MJ 16.3% 6,307    MJ 20.0% 5,858     MJ
Electricity 15.4% 1,981     MJ 15.5% 2,134     MJ 29.3% 11,294  MJ 28.0% 8,174     MJ
Electricity Losses 28.7% 3,685     MJ 28.9% 3,970     MJ 54.4% 21,007  MJ 52.0% 15,203   MJ
Other 0.3% 38          MJ 0.3% 38          MJ
Total 100% 12,854   MJ 100% 13,742   MJ 100% 38,609  MJ 100% 29,235   MJ
Ductile Iron Cupola Gray Iron Induction Ductile Iron Induction 
Energy Usage By Type Per Metric Tonne Shipped:
Gray Iron Cupola
 
Table 1.2: Four Sample Foundries with Different Melts and Furnaces [15]  
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The breakdown of the way that energy is used once it is at the foundry, in contrast to the types of 
energy used, is basically agreed upon.  Additionally, it appears to hold steady across the metal 
types.   Approximately 55% of the energy input to the iron foundry is used in the metal melting 
processes.   
 
Breakdown of Energy Use in a Foundry
Molding
12.0%
Core Making 
8.0%
Ladle Transfer
4.5%
Heat Treatment
6.0%
Finishing
7.0%
Other
7.5%
Melting
55.0%
 
Figure 1.11: Breakdown of Energy Use in a Foundry [9, 15, 16] 
 
We can combine the findings in Table 1.2 for a ductile iron cupola and a ductile iron electric 
induction melting foundry and the chart above in order to create the process breakdown for those 
melt and furnace types.  We can use this finding to compare to the results we will develop in later 
chapters.  
 
 
Melting 55.0% 7,558.26 MJ Melting 55.0% 16,079.24 MJ
Molding 12.0% 1,649.07 MJ Molding 12.0% 3,508.20 MJ
Core Making 8.0% 1,099.38 MJ Core Making 8.0% 2,338.80 MJ
Ladle Transfer 4.5% 618.40 MJ Ladle Transfer 4.5% 1,315.57 MJ
Heat Treatment 6.0% 824.54 MJ Heat Treatment 6.0% 1,754.10 MJ
Finishing 7.0% 961.96 MJ Finishing 7.0% 2,046.45 MJ
Other 7.5% 1,030.67 MJ Other 7.5% 2,192.62 MJ
Total 100% 13,742.29 MJ Total 100% 29,234.98 MJ
Ductile Iron Induction Melter Energy Usage By 
Step Per Tonne Shipped:
Ductile Iron Cupola Energy Usage By Step Per 
Tonne Shipped:
Table 1.3: Sample Process Breakdown for Two Types of Ductile Iron Foundry
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Materials Use: 
 
The major materials inputs to a foundry are scrap metals, alloying ingredients, sand and bonding 
materials.   If the foundry uses a cupola furnace, then they will also purchase coke and limestone 
for slagging.   The use of materials in the foundry will be discussed in greater detail in Chapter 2.           
 
Solid Waste Releases: 
 
The solid wastes released from a foundry are sand, slag, dust and other foundry refuse.  
According to a report by the Department of Energy (DOE), about 400 kg of sand per metric tonne 
of casting is sent to the landfill.  It can comprise up to 70% of the foundry waste stream, with slag 
accounting for another 20-25% and dust about 10% [9].   Most foundry waste is not considered 
hazardous and therefore may be landfilled, but it needs to be evaluated because it can be high in 
metals such as lead and cadmium if they are present in the scrap metal.  Additionally, the slag 
from the desulphurization process in ductile iron cupola melting has to be retained onsite until it 
has fully reacted, due to the heat that is released by the reaction.       
 
Air Emissions: 
 
There are many types of air emissions that are released during the process steps at an iron 
foundry.  The two major process steps that result in air emissions are melting and pouring, 
cooling & shakeout.  It is during these steps that combustion takes place and new compounds are 
formed.  Foundries that use cupola furnaces have mandatory pollution control devices to control 
the organic pollutants and particulate emissions.  Carbon monoxide and many volatile organic 
compounds are released when the binders in the sand molding systems volatilize as the melt 
enters the mold.  The EPA has a publication called the AP-42 which details the locations where 
emissions are generated and develops emissions factors for the estimation of per tonne emissions.   
 
 
Process Step Emission Types 
Cupola Melting CO2, CO, SO2, Nox, Particulates (can include lead, cadmium and zinc) and VOCs
Electric Induction Melting Particulates, CO, VOCs, Sox and Nox
Mold and Core Making Particulates, VOCs, CO, hydrogen sulfide, SO2, Nox and HAPs (phenol, formaldehyde, etc)
Pouring, Cooling & Shakeout Particulates, VOCs, HAPs
Finishing Particulates, VOCs, HAPs
Foundry Emissions by Process Step 
 
Table 1.4: Foundry Emissions Types by Process Step [13] 
 
The one comprehensive source of non-toxic air pollution data is an EPA study with data from 
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1997, as shown in Table 1.5.  This table shows the entire metal casting sector and therefore it may 
not be accurate for iron casting specifically.  The data for the number of tonnes of casting in the 
year 1997 comes from the American Foundry Society.  
 
 
Tonnes melted in 1997 (AFS) 14,333,000     
tonnes/year kg/tonne
CO 105721 7.38                
NO2 10805 0.75                
PM10 9974 0.70                
PT 19026 1.33                
SO2 5908 0.41                
VOC 17265 1.20                
Criteria Air Pollutants Emission 1997 for the 
Metal Casting Industry
 
Table 1.5: Criteria Air Pollutant Emission for the  
Metal Casting Sector 1997 (data from [4, 10]) 
 
The Toxic Release Inventory requires foundries to report the release of about 600 hazardous 
chemicals when they are released in quantities over a minimum amount.  It does not capture all 
the foundries or all the emissions that are released.  The largest TRI releases for the ferrous 
foundry industry in 1997 are shown in Figure 1.12, with the full releases in Table 1.6.  Figure 
1.12 shows the total release amount of each hazardous pollutant and the manner in which it was 
released.  The top five substances that are released to land are manganese compounds, 
manganese, zinc compounds, lead compounds and chromium compounds.  These substances are 
created during the melting process and leave through slagging or the dust that is captured in the 
baghouse.  They enter the melt as tramp elements in the scrap metals.   The top five releases to 
the air are triethylamine, xylene, methanol, phenol and ammonia.  They are created during the 
molding process, both green sand and core molding.  The releases to water are very minimal and 
the top contributor to water pollution is nitrates.  About 556 kg of TRI material was transferred 
offsite by ferrous foundries in 1997 to be recycled.  These are mainly metallic compounds that 
will be recovered from the waste streams [10].     
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Figure 1.12:  TRI Releases by Ferrous Foundries 1997 (data from [17]) 
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Chemical
Non-Point 
Air (kg)
Point Air 
(kg)
Total Air 
(kg)
Water 
(kg) Land (kg)
Underground 
(kg)
Total 
Releases 
(kg)
POTW 
Transfers 
(kg)
Offsite 
Transfers 
(kg)
Total 
Rel/Trans 
(kg)
Ferrous metal foundries Total 60.2617872 80.747325 141.00912 1.169555 253.4113211 0 395.5899901 27.65753004 556.0589538 979.3064724
MANGANESE COMPOUNDS 0.75264276 1.8592313 2.6118741 0.044273 115.0095404 0 117.6656875 0 185.6366598 303.3023473
MANGANESE 1.985057641 1.8415217 3.8265794 0.063764 76.92323436 0 80.81357777 0.062726837 119.8222264 200.6985312
ZINC COMPOUNDS 1.189923347 0.6962174 1.8861407 0.039593 19.01520614 0 20.94094026 0 80.23058137 101.1715216
CHROMIUM COMPOUNDS 0.215781499 0.2225351 0.4383166 0.020581 10.44002457 0 10.89892265 0 40.99312121 51.89204387
TRIETHYLAMINE 6.868287474 21.613546 28.481834 2.66E-05 0.006647616 0 28.48850822 0 0.019942867 28.50845119
CHROMIUM 0.823665751 0.7847371 1.6084039 0.048873 0.537659182 0 2.19493594 0.064162792 21.61516792 23.87426635
BARIUM COMPOUNDS 0.948640673 0.0510802 0.9997217 0.077006 2.14999819 0 3.226724768 0 20.56125521 23.78797998
LEAD COMPOUNDS 0.122236169 0.9995089 1.121745 0.013907 10.81806032 0 11.95371196 0 10.92160336 22.87531634
NITRATE COMPOUNDS 0 0 0 0.372267 0 0 0.372266713 19.53739011 0.685182671 20.59483949
NICKEL 0.655454838 0.919046 1.5745008 0.049299 1.405066307 0 3.028865712 0.052409756 16.93141921 20.01269448
ALUMINUM OXIDE (FIBROUS FORMS) 1.633797117 0.1677862 1.8015833 0.000399 0.97251978 0 2.774501582 0.000398856 16.43449634 19.20939638
XYLENE (MIXED ISOMERS) 15.04402865 3.9998421 19.043871 0.000133 0.010795733 0 19.05479954 0 0 19.05479954
PHENOL 3.152112648 8.4611092 11.613222 0.064322 0.899449028 0 12.57699275 0.077138935 2.366816682 15.02094746
METHANOL 8.512402075 6.0680751 14.580477 0.000213 0 0 14.58069006 5.31809E-05 0.103198049 14.68394056
AMMONIA 3.637308812 7.249755 10.887063 0.079851 0 0 10.96691435 0.045762201 0 11.01267625
COPPER 0.462434752 0.601742 1.0641767 0.096444 0.673562891 0 1.834183088 0.038183873 8.609430615 10.48179788
ZINC (FUME OR DUST) 0.482802403 0.0972679 0.580071 0.002898 0.008508949 0 0.591477959 0.025792703 9.088086051 9.705356713
NAPHTHALENE 1.445669463 3.263181 4.7088504 0.007073 2.811062681 0 7.526986448 0.000824304 1.53413675 9.061947347
COPPER COMPOUNDS 0.081313643 0.0922157 0.173529 0.007073 3.164264038 0 3.344866424 0 4.418429565 7.763295989
ALUMINUM (FUME OR DUST) 0.263724312 0.5777307 0.841455 0.020475 0.728099897 0 1.590029515 0.012125264 6.113757344 7.715912022
BENZENE 0.846560318 6.5579237 7.404484 0.000213 0.000186133 0 7.404883434 5.31809E-05 0.013295211 7.418231201
CERTAIN GLYCOL ETHERS 2.720921879 2.9362242 5.6571461 0 0 0 5.657146101 0.452037576 0.98690454 7.096088217
BARIUM 0.000132952 0.0636841 0.0638171 0.000425 3.754040237 0 3.818283426 0 1.588513365 5.406796791
TOLUENE 1.093478872 3.6159566 4.7094355 0 0 0 4.709435494 0 0 4.709435494
N-METHYL-2-PYRROLIDONE 1.144001057 2.2435435 3.3875446 2.66E-05 0.006381709 0 3.39395215 0.372266713 0.645909046 4.41212791
LEAD 0.107292561 0.0928805 0.2001731 0.061796 1.257967502 0 1.519936591 0.007604868 2.342405965 3.869948524
NICKEL COMPOUNDS 0.105059191 0.1675734 0.2726316 0.01505 0.915562785 0 1.203244886 0 2.608044883 3.811289769
DIETHANOLAMINE 0 0 0 0 0 0 0 3.806795792 0 3.806795792
ETHYLENE GLYCOL 0.800904339 0.1064412 0.9073465 7.98E-05 0.69135218 0 1.598777386 0.917769928 0.026590422 2.543137938
FORMALDEHYDE 0.228438272 2.0308458 2.259285 0.012232 0.01409293 0 2.285609362 0.046799195 0.031589479 2.363998238
SODIUM NITRITE 0 0 0 0 0 0 0 2.115030915 0 2.115030915
METHYL ETHYL KETONE 1.14370852 0.0879612 1.2316694 0 0 0 1.231669415 0 0 1.231669415
"1,2,4-TRIMETHYLBENZENE" 0.763092391 0.358466 1.1215584 0 0 0 1.121558409 0.000372267 0 1.121930638
CRESOL (MIXED ISOMERS) 0.055839906 1.0636179 1.1194582 0.000638 0 0 1.120096732 0.000372267 0.000292495 1.120761498
DIISOCYANATES 0.106787178 0.0874825 0.1942699 0.00016 0.504900058 0 0.699329367 0 0.379764745 1.079094112
METHYL ISOBUTYL KETONE 0.404786764 0 0.4047868 0 0.404786764 0 0.809572519 0 0 0.809572519
TRICHLOROETHYLENE 0.697307834 0 0.6973078 0 0 0 0.697307834 0 0 0.697307834
MOLYBDENUM TRIOXIDE 0.034381495 0.0375989 0.0719804 0.000399 0.04828831 0 0.120667564 0.006780569 0.532926132 0.660373498
N-BUTYL ALCOHOL 0.203390026 0 0.20339 0 0.203363798 0 0.406753824 0 0 0.406753824
SEC-BUTYL ALCOHOL 0.019942867 0.3683578 0.3883008 0 0 0 0.388300779 0 0 0.388300779
ETHYLBENZENE 0.354743735 0.0263245 0.381068 0 0 0 0.381068048 0 0 0.381068048
COBALT 0.061131501 0.0492987 0.1104298 0.000399 0.02948886 0 0.140317995 0.014119561 0.223652767 0.378089213
"4,4'-ISOPROPYLIDENEDIPHENOL" 0.250827456 0.1010434 0.3518718 0 0 0 0.351871826 0 0 0.351871826
STYRENE 0.222269772 0.1191514 0.3414212 0 0 0 0.341421187 0 0.005876487 0.347298158
NITRIC ACID 0.168875679 0.1688757 0.3377524 0 0 0 0.337752366 0 0 0.337752366
TETRACHLOROETHYLENE 0.335332378 0 0.3353324 0 0 0 0.335332378 0 0 0.335332378
COBALT COMPOUNDS 0.006913522 0.0069135 0.013827 0.000266 0 0 0.01409293 0 0.315681947 0.329775179
ACETALDEHYDE 0 0.2930265 0.2930265 0 0 0 0.293026453 0 0 0.293026453
SULFURIC ACID (1994 AND AFTER ACID AEROSOLS ONLY)0.007046475 0.1994287 0.2064748 0 0 0 0.20647478 0 0 0.20647478
M-XYLENE 0 0.1247621 0.1247621 0 0 0 0.124762076 0 0 0.124762076
CUMENE HYDROPEROXIDE 0.037226671 0.0257927 0.0630194 0 0 0 0.063019375 0 0.053792448 0.116812125
POLYCYCLIC AROMATIC COMPOUNDS 0 0.0520279 0.0520279 0 0.000780749 0 0.052808716 0 0.046453497 0.099262213
HYDROGEN FLUORIDE 0.046054637 0.0460546 0.0921094 0 0 0 0.092109376 0 0 0.092109376
DIBUTYL PHTHALATE 0 0 0 0 0 0 0 0 0.091338187 0.091338187
CHLORINE 0.003722667 0 0.0037227 0.069135 0 0 0.072857804 0 0 0.072857804
O-CRESOL 0 0.0725919 0.0725919 0 0 0 0.072591898 0 0 0.072591898
O-XYLENE 0 0.054989 0.054989 0 0 0 0.054989026 0 0 0.054989026
ANTIMONY 0.006647616 0.0066476 0.0132952 0 0 0 0.013295211 0 0.031908547 0.045203758
PHOSPHORUS (YELLOW OR WHITE) 0.006647616 0 0.0066476 0 0 0 0.006647616 0 0.019942867 0.026590422
ARSENIC 0.000425447 0.0002925 0.0007179 0 0 0 0.000717942 0 0.013188889 0.013906815
MERCURY 0.000319085 0.0050322 0.0053513 0 0.003769201 0 0.009120523 0 0.004041745 0.013162258
ACETOPHENONE 0 0.0073921 0.0073921 0 0 0 0.007392143 0 0 0.007392143
BERYLLIUM COMPOUNDS 0.000132952 0.000133 0.0002659 0.000133 0 0 0.000398856 0 0.006647616 0.007046475
MERCURY COMPOUNDS 2.65904E-05 0.0021613 0.0021879 0 0.002659042 0 0.004846908 0 0.001675199 0.006522107
CADMIUM 0 0 0 0 0 0 0 7.97714E-05 0.002871767 0.002951539
"BENZO(G,H,I)PERYLENE" 0 0.0005595 0.0005595 0 0 0 0.000559463 0 0 0.000559463
CUMENE 0.000132952 0.000133 0.0002659 0.000133 0 0 0.000398856 0 0.000132952 0.000531809
CYANIDE COMPOUNDS 0 0 0 0 0 0 0 0.000478628 0 0.000478628
DIOXIN AND DIOXIN-LIKE COMPOUNDS 0 7.073E-06 7.073E-06 0 7.77984E-07 0 7.85066E-06 0 1.1138E-06 8.96446E-06
PROPYLENE 0 0 0 0 0 0 0 0 0 0
METHYL ISOTHIOCYANATE 0 0 0 0 0 0 0 0 0 0
METHYL ISOCYANATE 0 0 0 0 0 0 0 0 0 0
HYDROCHLORIC ACID (1995 AND AFTER ACID AEROSOLS ONLY)0 0 0 0 0 0 0 0 0 0
CADMIUM COMPOUNDS 0 0 0 0 0 0 0 0 0 0
TRI Releases by Ferrous Foundries 1997
 
Figure 1.6: TRI Releases by Ferrous Foundries in 1997 [17] 
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Chapter 2 : Input-Output Analysis of Iron Casting 
 
Introduction 
 
In order to evaluate the use of energy and materials in the iron casting industry, this study starts 
by creating an input-output process model for a foundry.  Input-output analysis is simply a 
mathematical framework by which we can organize data so that it can be easily understood.  It 
was developed by Wassily Leontief [1] in the 1930’s to describe the economy of the United 
States.  His observation was that since all sectors of the economy are interlinked, changes in 
demand for the products of one sector will have effects on the other sectors.  Leontief’s model 
utilized monetary values in order to evaluate the interactions between the sectors, since their 
physical flows are all represented in different units.  Even though the original conception utilizes 
monetary flows, the input-output method is equally valid when modeling physical flows, such as 
is required in industrial ecology.   
 
In input-output analysis, a table of the interactions between sectors is first constructed using the 
value totals for the time period to be analyzed.  This table describes the flows of money between 
sectors – if all dollar values are given in constant dollars when comparing different time periods, 
then these values can also be said to represent physical quantities (there is no longer inflation of 
prices over time).  However, there is still a problem if a commodity becomes more or less 
expensive for other reasons, as that will make it appear in the model as if more/less of the 
physical quantity of the commodity has been utilized, when it actually has not.  Since the physical 
quantities of materials that are used are important for the industrial ecologist, it is necessary that 
we find a way to make these a meaningful part of the analysis.   
 
One of the major assumptions in input-output analysis is that all inputs required in making a 
certain commodity are directly scalable with the amount required to be produced.   
 
“…there is a fundamental relationship between the volume of the output of an 
industry and the size of the inputs going into it.” [1, p.11] 
 
There is no accounting for economies of scale or the distribution of overhead requirements when 
more goods are produced using the same equipment (employing unused capacity).  In the input-
output model, the current situation is analyzed and then one or more of the variables can be 
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changed in order to simulate what an economy of scale would look like compared to the old 
perfectly scaling scenario.      
 
Input-Output Analysis 
 
The following table represents a two sector economy.  The two commodities created in each 
sector are used in production in both sectors (inter-industry demand) and also have a certain 
amount of final demand, which includes domestic and foreign demands.  Each row represents the 
total dollar amount of commodity that the sector produces, Xn, and shows where it is utilized.  
Each column represents the input materials that go into making Xn dollars worth of the 
commodity.  This total value is called Total Outlays and it represents where the money is spent 
(materials, labor, profits) in the making of Xn dollars worth of the products.  The sums of the rows 
and columns will be equal to X, which is the GNP of the economy.    
 
Total Output (X)
Foreign Final 
Demand
1 2
Household 
Purchases
Investment 
Purchases 
Government 
Purchases
Exports (+) or 
Imports (-)
Processing Sectors 1 z 11 z 12 C 1 I 1 G 1 E 1 X 1
2 z 21 z 22 C 2 I 2 G 2 E 2 X 2
L 1 L 2 Lc L I L G L E L
N 1 N 2 Nc N I N G N E N
M 1 M 2 Mc M I MG M E M
Total Outlays (X ) X 1 X 2 C I G E X
Flow Table for a Two-Sector Economy
Value 
Added (W )
Payments Sector (      )
Processing Sectors Final Demand (Y)
Domestic Final Demand
W
 
Table 2.1: Flow Table for a Two-Sector Economy (Adapted from [1] and [2]) 
 
 
Where: 
 nnnnn EGICY +++=   (2.1) 
 nnnnnnn EGICzX ++++=∑    nnnn YzX +=∴ ∑  (2.2) 
 and nnnnnn MNLzX +++=∑   (2.3) 
z = Amount of a commodity used in inter-industry production 
C = Household purchases 
I = Investment purchases 
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G = Government purchases 
E = Exports (+) or Imports (-) 
X = Total output of a commodity 
L = Labor  
N = Other value-added payments (government services, capital, land, profit) 
W = Total value added payments,  Wn = Ln + Nn 
M = Purchases of imported inputs 
W = Total Expenditures,  W = Wn + Mn 
Y = Final Demand  
 
 
Once the flow table is constructed, the table of technical (sometimes called structural) coefficients 
is created for further analysis.  The technical coefficient is the ratio of each of the inputs of a 
commodity to the output of that commodity.  The creation of the technical coefficient, aij, is made 
by taking the flow of the input, i, to the industry j, and dividing it by the total commodity 
produced by industry j, Xj. 
 
j
ij
ij
X
z
a =   (2.4) 
 
The technical coefficients allow us to see the proportions of inputs that each industry uses to 
make a unit of a commodity.  In the table, these proportions are fixed and because of this any 
change in the final demand for a commodity will have what are termed direct and indirect effects.  
Direct effects are the result of requiring more or less of a certain commodity in order to fulfill the 
new final demand.  For instance, if fewer trucks are to be sold next year, then the inputs to trucks 
will be reduced proportionately, including iron castings.  Those are the direct effects.  The 
indirect effects are due to the new amounts of inter-industry demand due to increases or decreases 
in the final demand.  If fewer trucks are sold to the consumer, then fewer iron castings are used 
and therefore fewer trucks are needed in the iron casting industry itself (ie. an inter-industry 
demand that would be used for transportation).  In this way, a continuous loop of effects is 
created that eventually gets small enough to be ignored.       
 
The technical coefficients can be used to set up a system of equations where for each sector j, the 
total output of each commodity that must be produced Xj, is  
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 ∑
=
+=
n
i
jijjj XaYX
1
   (2.5) 
 
These linear equations can be solved when there is a given set of final demand Y (this is the 
amount used by consumers).  The total amount produced includes both the final demand and the 
inter-industry demand used in the production of other goods.   
 
If we make the definitions:  
 
            
nnn
n
aa
aa
A
L
MOM
L
1
111
=                         
nX
X
X M
1
=                       
nY
Y
Y M
1
=  (2.6) 
 
Then with I = nxn identity matrix, the following equations can be written: 
 
 YXAI =− )(   (2.7) 
 and YAIX 1)( −−=   (2.8) 
 
The term (I - A)
-1
 is called the Leontief inverse, and it describes all the direct and indirect effects 
on the system when the final demand changes.  There is only an inverse if the determinant,           
|I – A|≠ 0.  Additionally, only if all the elements of the Leontief inverse are non-negative will 
there be a real world solution to the problem whereby there are positive inputs capable of 
satisfying the required outputs.  The Hawkins-Simon Condition [2] requires that in order for the 
economy to be sustainable, all of the elements of the Leontief inverse must also be less than 1, 
with the sum of the coefficients in each column adding up to less than or equal to 1, but where at 
least one column is less than one.  The meaning here is that in order for all of the final demand to 
be met, each sector has to satisfy the requirements for that demand, plus all of the inter-industry 
demand.  If just one sector doesn’t meet these goals, then the entire system is unsustainable.  
 
   
Input-Output Process Model 
 
Industrial ecology is concerned with the process of production: the amount of input materials and 
fuels, and wastes emitted to land, water and air.  There have been a variety of studies in the past 
exploring ways that Leontief’s monetary input-output model can be applied to physical flows.  
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Lin and Polenske [3] developed an input-output process model (IOPM), which is a derivative of 
the monetary input-output model and that was used to model the productivity and profitability of 
the different technologies in the coke-making industry in China.  This IOPM can also be applied 
to analyze all the different processes in the iron casting industry.   
 
The IOPM format for the input-output analysis is superior to other IO variations for the purposes 
of process selection among different technology options.  It allows the industrial ecologist to see 
all of the different trade-offs for each technology option, including energy, waste and capital 
requirements.  The flow matrix in this model can be manipulated similar to the monetary flow 
model to create technical coefficients and thereby aid in the comparison on a unit production 
basis.  Additionally, pricing matrices can be used to convert the model into a monetary valuation 
model.    
 
On a production facility scale, the input-output process model is very useful for making decisions 
about how to optimize the processes and choosing between different available technologies.  
Technologies can be compared for their material inputs, energy use, environmental impact 
through waste and pollution and impact on profitability.   
 
In the Input-Output Process Model, the following matrix definitions are made: 
 
Z   = Inter-process flows 
Y   = Final output of products 
M = Consumption of purchased inputs 
X
m
 = Total demand for purchased inputs  
W = Generation and use of by-products and wastes 
X
W
 = Total output of by-products and wastes 
V   = Consumption of primary inputs (labor and capital) 
X
V
 = Total demand for primary inputs 
X
Z
 = Output of each product at the process step (gross production, which is the sum of the    
  elements in the columns of Z)  
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Basic Structure of the Input-Output Process Model
Item
1 2 3 … n
Main Products
1 Z11 Z12 Z13 … Z1n Y1
2 Z21 Z22 Z23 … Z2n Y2
… … … … … … …
n Zn1 Zn2 Zn3 … Znn Yn
Purchased 
Inputs
1 M11 M12 M13 … M1n X
M
1
2 M21 M22 M23 … M2n X
M
2
… … … … … … …
n Mn1 Mn2 Mn3 … Mnn X
M
n
By-Products & 
Waste
1 W11 W12 W13 … W1n X
W
1
2 W21 W22 W23 … W2n X
W
2
… … … … … … …
n Wn1 Wn2 Wn3 … Wnn X
W
n
Primary Inputs
1 V11 V12 V13 … V1n X
V
1
2 V21 V22 V23 … V2n X
V
2
… … … … … … …
n Vn1 Vn2 Vn3 … Vnn X
V
n
Process Main 
Outputs X
Z
1 X
Z
2 X
Z
3 … X
Z
n
Final Output/ 
Total Demand
Processes
 
Table 2.2:  The Basic Structure of the IOPM Analysis (adapted from [3]) 
 
 
The following equations are defined, where i is the unity column vector,     
 i
n
n
in YZ =∑
=0
  or   Z * i = Y   (2.9) 
 
m
i
n
n
in XM =∑
=0
  or   M * i = X
m  
(2.10) 
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W
i
n
n
in XW =∑
=0
  or   W * i = X
W
  (2.11) 
 
V
i
n
n
in XV =∑
=0
  or   V * i = X
V 
(2.12) 
 
In the IOPM model, the technical coefficients are created as follows:  
 
 
j
ij
ij
X
z
a = , where aij = main product i produced / unit main product, j (2.13) 
 
j
ij
ij
X
M
b = , where bij = purchased input i required / unit main product, j (2.14) 
 
j
ij
ij
X
W
c = , where cij = by-product i produced / unit main product, j (2.15) 
 
j
ij
ij
X
V
d = , where dij = primary input i required / unit main product, j (2.16) 
 
These elements aij, bij, ci,j dij are members of the matrices A, B, C and D, respectively, and 
therefore: 
     
V
W
m
XXD
XXC
XXB
YXA
=∗
=∗
=∗
=∗
     (2.17) 
 
In order to put this in the same inverse form as in the monetary example, where we can find the 
inputs needed and wastes & energy created to meet a final demand scenario, the above equations 
are manipulated to create,  
 
V
W
m
XYAD
XYAC
XYAB
XYA
=∗∗
=∗∗
=∗∗
=∗
−
−
−
−
1
1
1
1
  (2.18) 
  
The same requirements for the inverse hold true here, as for in the Leontief inverse that was 
discussed earlier.  The elements must be non-negative to be real and the Hawkins-Simon 
condition for sustainability in A
-1
 must be met.   
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One great feature of the IOPM model that we will not be taking advantage of in this study is that 
it can be extended to include pricing matrices in order to analyze the model for profitability 
statistics.  The following definitions are made for this purpose: 
 
P
y
 = Revenue per unit of main products sold 
P
m
 = Price of purchase input materials 
P
V
 = Price of primary inputs 
P
W
 = Price of waste disposal 
 
Therefore the profit of the facility is defined as  
 
 
WWVVmmy XPXPXPYPProfit −−−=   (2.19) 
 
This profitability function can be optimized under different constraints for decision-making 
exercises and for understanding the social costs of production, as was done by Tim Considine of 
Penn State in his analysis of the primary iron and steel industry [4].   
 
 
Hybrid Input-Output Analysis 
 
One drawback of the input-output process model is that it only focuses on the manufacturing 
facility itself and does not take into account the energy or materials used to make the input 
materials, in the service sectors that support manufacturing or in transportation.  Eric Williams 
has developed a way to combine the data on energy used by the affected sectors of an economic 
input-output table and the process model in order to get a comprehensive understanding of the 
total energy used in the economy per unit of production [5].  This is an area for further research 
and is not pursued in this study.   
 
 
Application to the Iron Casting Industry 
 
In the analysis of the iron casting industry, both the monetary valuation sector input-output tables 
and the input-output process model are useful.  The sector view is interesting on a national scale 
and shows how the industry exchanges goods and services with other industries.  Any changes to 
the demand of the goods in these industries will have an effect on the casting industry.  
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Additionally, the national input-output accounts can allow us to see what kind of effect a change 
in technology in the iron casting industry will have on the economy as a whole.  If, for example, a 
new technology came along that allowed for the reduction of purchases of new sand and bond 
(advanced oxidation), then this would have an effect not only on the sand and clay mining 
industries, but on the entire economy, as the demand for fewer mined materials means that fewer 
trucks are needed for transporting these materials, etc.    
 
The last benchmark year for the US. Census and Department of Commerce was 1997, which 
means that this is the last year that detailed data was taken.  Tables are available that describe the 
aggregated foundry industry, including ferrous and non-ferrous products.  Table 2.3 describes the 
way that foundries make purchases and therefore, the sectors of the economy that would be 
affected if the purchase of castings were to increase or decrease.  Especially affected, as is clear 
from previous discussions of the casting industry, would be the primary metals and scrap metals 
industries, since these are the main inputs.  As might be surmised by knowledge of melting 
processes many of the highest input sectors are energy related, from electric power and natural 
gas to turbine manufacturing.  There are several sectors that would be affected by a change in 
casting sales that are not immediately apparent, which include transportation by truck and by rail 
and repair services.   
 
In Table 2.4, the economic sectors that purchase foundry products are shown.  From this table it is 
clear that the largest consumer of foundry products is the motor vehicle industry (as was also 
discussed in Chapter 1).  However, the industry that the foundry sector appears to be most tied 
into is the “Other fabricated metal product manufacturing” which is not only a large consumer of 
foundry products, but also a large supplier (NAICS 332B).  This sector is an amalgamation of 
miscellaneous machinery and metal products that do not fall under another category.         
 
These economic input output tables are just a general overview of the way that the iron casting 
sector interacts within the greater economy.  Next we look into creating an input-output process 
model to get further in depth as to when and why the industry uses certain input materials and in 
what quantity.   
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Bureau of Economic Analysis - Use Table 
The Use of Commodities by Industries before Redefinitions, 1997
(Millions of Dollars in Producer Prices)
Foundries Foundries
NAICS Codes Label 3315 NAICS Codes Label 3315
331B   Primary nonferrous metal products 3399.3 2121 Coal 33.1
S004   Scrap, used and secondhand goods 1698.3 5324
Machinery and equipment rental and 
leasing 33.1
4200 Wholesale trade 1438.7 5613 Employment services 31.5
5500 Management of companies and enterprises 1270.1 S002   
State and local government enterprise 
services 30.7
332B   Other fabricated metal products 1125.9 4830 Water transportation 28.1
331A   Primary ferrous metal products 840.4 3259 Other chemical products 27.3
2211 Electric power 684.9 813B   
Civic, social, professional and similar 
organizations 23.2
4840 Truck transportation 676.9 S001   Federal Government enterprise services 23.2
3270 Nonmetallic mineral products 459.9 3359
Other electrical equipment and 
components 19.5
3335 Metalworking machinery 378.0 3221 Pulp, paper, and paperboard 15.9
811A   
Electronic, commercial, and household goods 
repair 376.2 48A0   
Sightseeing transportation and 
transportation support 15.9
5419 Other professional and technical services 345.1 71A0   
Performing arts, spectator sports, and 
museums 13.0
3344 Semiconductors and electronic components 320.4 5415
Computer systems design and related 
services 12.7
52A0   Monetary oversight and credit intermediation 300.0 3339 Other general purpose machinery 10.9
2122 Metal ores 247.5 532A   Consumer goods and general rentals 10.4
2212 Natural gas distribution 197.3 3353 Electrical equipment 7.9
3315 Foundry products 190.2 4850
Transit and ground passenger 
transportation 7.8
2123 Nonmetallic minerals 188.0 7130 Amusements, gambling, and recreation 7.8
3321 Forgings and stampings 163.3 8120 Personal and laundry services 6.9
3222 Converted paper products 155.4 3334
HVAC and commercial refrigeration 
equipment 6.0
4820 Rail transportation 136.5 3322 Cutlery and handtools 5.9
8111 Automotive repair and maintenance 130.8 4A00   Retail trade 4.8
3336 Turbine and power transmission equipment 129.2 5414 Specialized design services 4.4
5620 Waste management and remediation services 128.2 3370 Furniture and related products 3.6
3332 Industrial machinery 125.7 3399
Other miscellaneous manufactured 
products 3.6
5417 Scientific research and development services 104.2 5141 Information services 3.2
4810 Air transportation 100.4 3323 Architectural and structural metal products 3.1
5330 Rights to nonfinancial intangible assets 92.7 S003   Noncomparable imports 2.4
7220 Food and beverage services to customer order 92.0 3324 Boilers, tanks, and shipping containers 2.3
3251 Basic chemicals 83.9 336A   Motor vehicle bodies, trailers, and parts 2.2
3240 Petroleum and coal products 80.2 6100 Educational services 2.0
5310 Real estate 78.1 2110 Oil and gas 1.7
2303 Maintenance and repair construction 78.0 3255 Paints, coatings, and adhesives 1.6
5230 Securities, commodity contracts, investments 76.0 3333
Commercial and service industry 
machinery 1.6
561A   All other administrative and support services 74.0 3230 Printed products 1.3
3210 Wood products 68.2 3130 Yarn, fabrics, and other textile mill products 1.1
3260 Plastics and rubber products 62.2 3346 Magnetic media products 0.9
5416 Management and technical consulting services 57.6 3351 Electric lighting equipment 0.8
5411 Legal services 55.9 2213 Water and sewage treatment 0.6
5413 Architectural and engineering services 54.7 3345 Electronic instruments 0.4
5133 Telecommunications 54.0 334A   
Audio, video, and communications 
equipment 0.3
5142 Data processing services 52.4 4860 Pipeline transportation 0.3
4930 Warehousing and storage 51.4 3140 Non-apparel  textile products 0.1
5321 Automotive equipment rental and leasing 50.0 3160 Leather and allied products 0.1
5418 Advertising and related services 47.1 T005   Total intermediate inputs 17088.0
7210 Accommodations 43.6 T006   Total value added 11680.3
5240 Insurance carriers and related services 39.9 V001   Compensation of employees 9742.0
5412 Accounting and bookkeeping services 38.7 V002   Indirect business tax and nontax liability 256.2
4920 Courier and messenger services 33.4 V003   Other value added 1682.1
T008   Total industry output 28768.3  
Table 2.3: 1997 Table of Foundry Purchase Categories [6] 
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Table 2.4: 1997 Table of Purchasers of Foundry Products [6] 
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Input-Output Process Model for Life-Cycle Analysis – Ductile Iron  
 
The rest of this Chapter will be devoted to the development of an input-output process model for 
an iron casting foundry that produces ductile iron.  Ductile iron production is a growing 
percentage of all cast iron products and therefore will play an increasingly important role in the 
future metals industry.  Additionally, ductile iron was chosen because that is the only type of 
product made by the electric induction facility that was interviewed as a part of this study.  The 
process model is used to perform an extended boundary analysis and as such, consists of two 
types of data – first is the upstream data, which was taken from the literature and the second is the 
facility process data, which was collected for this study.  Within the facility, three different 
melting processes are analyzed for the different effects that they will have on the upstream 
system.   We start here with an overview of the individual processes and their inputs and then 
discuss the model findings.   
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Figure 2.1: Cupola Melting Process Input-Output Boundaries 
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Figure 2.2: Heel & Batch Electric Induction Melting Process Input-Output Boundaries 
 
 
Upstream Activities: 
 
There are several upstream activities that are important in assessing the impacts of the iron 
casting industry because they are energy and pollution intensive.  These are: electricity, 
metallurgical coke and pig iron production.   
 
Electricity Data 
 
In this analysis, the data for electricity uses the U.S. average electricity generation numbers.  For 
any individual plant, the grid in that particular location will be different, however, for the 
purposes of this analysis it is desirable to describe what an average facility in the U.S will 
resemble.  NREL has an online Life-Cycle Inventory Database with detailed information about 
the electric grid in the U.S. (Table 2.5) [7].   The emissions from electricity generation are listed 
in the DOE’s Electric Power Annual, but only carbon dioxide, sulfur dioxide and nitrous oxides 
are included there.  The numbers for mercury emissions come from the U.S. EPA [8].  Since the 
boundaries of the analysis stop at the delivered fuels, there are emissions of carbon dioxide, 
methane, and other pollutants that result from such activities as the mining of coal and the 
delivery of the fuels to the plant that are not included in this analysis.        
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Percent of U.S. 
Electricity 
Generation
Bituminous/Subbituminous Coal 49.6% 0.44 kg/kWh 0.22 kg 0.24 kg
Lignite Coal 2.6% 0.78 kg/kWh 0.020 kg 0.022 kg
Oil (Residual Fuel Oil) 2.8% 0.26 L/kWh 0.0074 L 0.0082 L
Natural Gas 15.7% 0.298 m^3/kWh 0.05 m^3 0.05 m^3
Nuclear (uranium fuel) 19.6% 00.0 kg/kWh 6.0E-07 kg 6.6E-07 kg
Hydro 7.1% 3.6E+06 J/kWh 254,827 J 280,080 J
Other:
Biomass/Wood 1.4% 1.1E+07 J/kWh 157,145 J 172,718 J
Wind 0.1% 3.6E+06 J/kWh 5,237 J 5,756 J
Solar (photovoltaic) 0.0% 3.6E+06 J/kWh 592 J 651 J
Geothermal 0.4% 1.1E+07 J/kWh 39,829 J 43,776 J
Other Fossil 0.6% 1.1E+07 J/kWh 66,167 J 72,725 J
100.0%
(1) The line loss factor for the average U.S. grid is 9.91%
(2) Other includes wood, biomass, wind, solar (photovoltaic), geothermal, and other fossil fuels.
MIX OF FUEL REQUIRED TO GENERATE ONE KILOWATT-HOUR
(2000 U.S. Average)
Fuel Requirement 
Factor
Mix of fuel in a 
Composite kWh
Mix of fuel in a 
Composite kWh with 
Line Loss
 
Table 2.5: U.S Average Fuel Mix (adapted from [7]) 
  
 
Total CO2 Emissions kg 2.51361E+12 Net Electricity Generated kwh 4.06E+12
lbs 5.54156E+12
Total SO2 Emissions kg 10340000000
lbs 22795797910
Total NOx Emissions kg 3961000000
lbs 8732510205
Total Hg Emissions kg 45359
lbs 100000
CO2 Intensity kg/kwh 0.6199
lbs/kwh 1.3666
SO2 Intensity kg/kwh 0.0025
lbs/kwh 0.0056
NOx Intensity kg/kwh 0.0010
lbs/kwh 0.0022
Hg Intensity kg/kwh 1.1186E-08
lbs/kwh 2.4661E-08
U.S Electricity Emissions 
 
Table 2.6: Emissions from U. S. Electricity Generation (adapted from [9]) 
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Metallurgical Coke Data 
 
Metallurgical coke is required for the production of pig iron and for use in a cupola, and 
therefore, it must be taken into account in the input-output inventory of a casting.  The data for 
coking comes from the working report by Considine, et al, The Environment and New Technology  
Adoption in the U.S. Steel Industry [4].   In the U.S., nearly all coke production uses the by-
product coking process.  The by-product process allows the manufacturer to capture the volatile 
organics that are released from the coal as it is heated.  The remainders of the coke oven gas that 
can not be resold are used within the facility as an energy source.  The boundary for the coking 
process stops at the primary fuels and therefore, similar to the electricity generation number, 
emissions are lower than they would be if upstream processes were included.     
 
Units
By-Product 
Coking
Outputs
Off-gas MJ 5233.500
Coke tonne 1.000
Resource Inputs
Coal tonne 1.430
Electricity Kwh 137.789
Steam MJ 1322.774
Air Emissions
Carbon Monoxide kg 0.17378
Carbon Dioxide kg 0.32240
Dust, >PM 10 kg 0.31266
Hydrocarbons kg 0.10510
Nitrous Oxide kg 1.44332
NH3 kg 0.00225
Organics kg 0.01243
PM < 10 microns kg 0.35666
Sox kg 0.60148
Water Emissions
Cyanide kg 0.002375
Detergents & oils kg 0.002380
Dissolved organics kg 0.000002
Metals kg 0.000210
NH4 kg 0.001680
Phenol kg 0.000114  
Table 2.7: By-Product Coking Input-Output Table [4] 
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Figure 2.3: Coking Process Diagram 
 
Pig Iron Data 
 
Pig iron is the largest non-recycled material flow in the iron casting industry.  In the facilities that 
were interviewed, it comprises 15% by weight of the metallic inputs in the cupola melting 
facility, whereas in the electric induction facility it only typically makes up 0.2% of the inputs.  
However, this is an individual choice based on availability of good scrap, metallurgy and other 
factors and is not indicative of the entire industry.  Pig iron is also used to adjust the metallurgy if 
a particular melt contains tramp metals that will cause unfavorable properties in the castings.  Pig 
iron production has a large impact in the overall environmental impact of a casting because it 
involves the combustion of coke in a blast furnace to create a reducing atmosphere that frees the 
iron from the iron oxide [10].   The boundaries for the analysis of the blast furnace stop with the 
primary fuels and input materials.  The energy and emissions from mining of iron ore and from 
the production of the primary fuels are neglected in this analysis.  A diagram of the blast furnace 
process is included in Figure 2.5 and the IO table for this process is included in Table 2.8.   
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Figure 2.4: Pig Iron Production Process Diagram 
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Units Blast Furnace
Outputs
Liquid Iron tonne 1.000
Off-gas MJ 4688.053
Electricity Kwh 102.735
Input Materials & Energy 
Flux tonne 0.0034
Iron Ore/ Pellets tonne 1.430
Oxygen tonne 0.020
Scrap tonne 0.078
Coke MJ 13713.414
Natural Gas MJ 2116.989
Steam MJ 4933.945
Coke Oven Gas MJ 2616.667
Air Emissions
Carbon Monoxide kg 0.1233
Carbon Dioxide kg 263.2300
Dust, >PM 10 kg 0.0347
Hydrocarbons kg 0.0341
Methane kg
Nitrous Oxide kg 0.0561
PM < 10 microns kg 0.0262
Sox kg 0.7616
Water Emissions
Ammonia kg
Basic Oxygen Demand kg 0.006200
Cyanide kg 0.000002
Detergents & oils kg 0.098670
Metals kg 0.000033
NH4 kg 0.002409
Phenol kg 0.000040
Sulfur kg
Suspended Solids kg 0.700945
Zinc kg 0.000005
Solid Waste
Lead Solid kg 0.000001
Slag & Ash kg 273.0
Sludge kg 27.5
 
Table 2.8: Blast Furnace Input-Output Table [4] 
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Facility Level Data:  
 
All of the data for the Cupola Melting and the Coreless Electric Induction facilities was provided 
by industry partners.  Data was gathered for both gray iron and ductile iron cupola melting and 
here only the ductile iron facility is analyzed in order to make equivalent comparisons with the 
heel electric induction facility, which only melts ductile iron.  Once the metal leaves the furnace, 
a similar path through the rest of the casting process is taken, only now dependent on the type of 
part to be cast.  For this reason, in the following analysis the data for the “Balance of the 
Foundry” is from the cupola melting facility and is assumed to be the same for both melting 
methods.  If we were to use the data from the heel electric induction facility for the balance of the 
foundry for that analysis, it would detract from the clarity of the numbers and not have any 
benefit.  The batch electric induction analysis uses all the same data as the heel electric induction 
facility with changes made to the energy use per conversations with Inductotherm.     
 
Melting Furnaces 
 
There are many different inputs to the melting process and some of them only apply to gray or 
ductile iron due to differences in metallurgy that were discussed in Chapter 1.  Additionally, 
inputs will vary between cupola and electric induction furnaces.  The outputs for both furnace 
types are similar and differ only in quantity produced per tonne.  The unit IO tables for all furnace 
types are shown in Table 2.10. 
 
Inputs: 
 Steel Scrap:  Steel scrap materials are a large portion of the inputs to the furnace and the 
type of steel scrap utilized will depend on the melt type.  Gray iron castings can use both 
old scrap and prompt industrial scrap, but ductile iron castings can only utilize prompt 
industrial scrap due to tighter constraints on the presence of tramp elements.  The old 
scrap that is used in gray iron typically comes from automobiles.  The prompt scrap used 
is busheling and slitter scrap and this comes from the trimming, punching or stamping of 
light gauge steel that is used in the automotive and other manufacturing industries.    
Scrap use in the casting industry will be analyzed further in Chapter 4. 
 
 Cast Iron or Ductile Iron Home Scrap:  This is the scrap created in the foundry itself 
which is a result of the gates, runners and risers that are required in order to pour the 
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casting.  The yield of the foundry reflects the ratio of this home scrap creation to 
unfinished product.  The higher the yield, the less home scrap is created.   
 
 Ferrosilicon and Silicon Carbide:  These two inoculants are used in order to add silicon 
to the melt.  Silicon is the second-most important alloy in the cast iron melt because it 
determines the degree of graphitization, which is the presence of free carbon in the 
hardened casting [11].  The number of graphite locations, their size and dispersion 
throughout the casting are important in determining the properties of the product.   
 
 Copper, Tin & Molybdenum: These additions are used in order to change the 
microstructure of the iron to increase strength and hardness [11].   
 
 Magnesium:  Magnesium is added only to ductile iron and it is the mechanism by which 
the graphite in the melt is made into spheroid form instead of flaky [12].  This element is 
added in magnesium ferrosilicon form and must be added in a special ladle after the 
furnace.       
 
 Carbon:  Much of the incoming material for the melt is steel scrap, which has a lower 
carbon content than is needed for cast irons.  Graphite is added in a small quantity to the 
melt in order to raise the percentage of carbon.   
 
 Limestone and Limespar:  Limestone and limespar are only used in cupola melting.  
Limestone is needed to make the slag fluid so that it can be constantly skimmed off of the 
melt as it leaves the cupola.  Electric induction furnaces keep the slag solid so that it can 
easily be removed in one piece off the top of the melt.  Limespar is used only in ductile 
iron cupola melting to take the sulfur released from the coke out of the melt and into the 
slag.  
 
 Oxygen: Oxygen is injected into the cupola furnace in order to increase the melt rate by 
raising the temperature in the stack.  It can also be used at the same melt rate, with less 
coke charged in order to save money on materials inputs [11].   
 
 Water:  Water is used to cool the furnaces so that the metal linings do not buckle under 
the heat.  Additionally, water can be used in a wet scrubber.   
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 Energy Sources: 
o Cupola Melting: Coke is used for the melting itself, natural gas is used in the 
afterburners to complete the combustion of the carbon monoxide, and electricity 
is used in the pollution control devices.  
o Electric Induction Melting: Electricity is used for the melting and natural gas is 
used for preheating the materials.  There is no pollution control on the electric 
induction unit.  
 
Outputs: 
 Slag:  The slag from the furnace is a collection of tramp metals and minerals that 
separates from the melt.  Table 2.9 shows the slag analysis from the cupola melting 
facility that is included in this study.     
 
Na2O 0.09%
MgO 7.85%
Al2O3 8.28%
SiO2 43.48%
P2O3 0.04%
S 0.27%
K2O 0.11%
CaO 21.45%
TiO2 0.88%
V2O3 0.10%
Cr2O3 0.28%
MnO 10.93%
FeO 6.07%
C 0.16%
Slag Constituents Analysis 
 
Table 2.9: Slag Constituents for a Cupola Melting Ductile Iron 
 
 Cupola Dust and Wet Scrubber Sludge:  The cupola releases particulates that must be 
captured per EPA rules.  This dust can either be caught in a baghouse or in a wet 
scrubber.   
 
 Air Emissions: Emissions from the foundry will be gone over in further detail in a later 
sections.  
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 3.3800E-06kgHg
kgVOCs
kgNH3
kgNitrous Oxide
kgHydrocarbons
0.0056 kgPM < 10 microns
0.0504 kgDust, >PM 10
0.7250 kgCO
0.0036 kgSOx
0.0500 0.0500 0.0500 kgNox
66.13 66.13 423.56 kgCO2
Air Emissions
LWaste Water
0.00025 0.00025 0.017 tonnesFurnace Dust
0.033 0.033 0.041 tonnesSlag
Byproducts  & Wastes to Landfill
(0.032)tonnesOxygen
(0.001)(0.001)tonnes62% Fe-Molybendenum
(0.000005)(0.000005)tonnesTin
(0.002)(0.002)tonnesCopper
(0.465)(0.465)(0.011)tonnes5% Magnesium
(0.015)tonnesLimespar
(0.025)tonnesLimestone
(0.018)(0.018)(0.001)tonnesCarbon 9012
(0.001)(0.001)(0.002)tonnesCopper
(0.003)(0.003)(0.001)tonnes75% Ferrosilicon
(0.004)(0.004)(0.025)tonnes65% Silicon Carbide Briquettes
(0.008)tonnes50% Ferrosilicon Briquettes
(0.525)(0.525)(0.379)tonnesDuctile Iron Prompt Scrap
(0.431)(0.431)(0.421)tonnesSteel Scrap
Input Materials
(1,178.12)(1,178.12)(182.55)MJNatural Gas
(375.54)(375.54)(512.46)LWater
Input Utilities
(35.97)MJCompressed Air
1.00 1.00 1.00 tonnesDuctile Iron Melt
(0.0016)(0.0016)(0.15)tonnesPig Iron
(5298.02)(10,723.86)(415.02)MJElectricity
(3,616.45)MJCoke
Main Outputs
Batch Electric 
Induction Melter
Heel Electric 
Induction Melter with 
Preheater
Cupola Melting 
w/AfterburnerUnits
Furnace Options
Unit Matricies (per 1 tonne melt)
Furnace Options
 
Table 2.10: Melting Process Unit Matrices 
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Balance of Foundry 
 
The remainder of the process in the foundry will be held constant, no matter which melting type 
is chosen.  This is a reasonable assumption to make because once the melt leaves the furnace, it 
can go through any of the various molding and finishing steps that were discussed in Chapter 1.  
Here the data comes from a cupola melting facility.   
 
Melt Handling and Holding Furnaces: 
 Inputs: Melt from the furnaces is transferred to the molding stations.  Sometimes there is 
an electric holding furnace, as is used in this case.  A ductile iron holding furnace uses a 
nitrogen blanket as an inert gas to prevent the magnesium from oxidizing.  Natural gas is 
used to heat the refractory that lines the ladles for melt transfer.     
 Outputs: Metal to the pouring area.  
 
Compressed Air Production: 
 Inputs: Electricity to run the compressors.      
 Outputs: Compressed air goes to many of the other processes.   
 
Sand Molding and Reprocessing Area: 
 Inputs: Green sand is composed of sand, Bentonite clay, seacoal, soda ash, cereal and 
water.  Compressed air and electricity are used in the production of the molds.       
 Outputs: The major output is a green sand mold to the pouring area.  Additionally there is 
some dust and carbon monoxide created when the sand is mulled to ensure uniformity.  In 
this model, 4% of the sand is sent to the landfill.  
   
Core Making Process: 
 Inputs: In the foundry that was used for data collection, the core molding line uses the 
phenolic urethane cold box process.  The catalyst is an amine, diethylmethylamine 
(DMEA), which is not a federally listed HAP.  The cores use 1.1% resin by weight in 
new sand.  Electricity, natural gas and compressed air are also consumed in the core 
making process. 
 Outputs: Cores to the pouring area and some volatile organics and other emissions.    
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Pouring/Cooling/Shakeout: 
 Inputs: Green sand molds, cores and melted metal are brought together here.  Electricity 
and natural gas are consumed in this process.  
 Outputs: Unfinished metal parts with sprues, gates and risers that are detached in the 
shakeout process and become remelt.  In this analysis we assume a 65% part yield for 
ductile iron parts.  For similar gray iron parts the part yield could go up to 75%.   
Products of the combustion of the organic materials in the green sand mold and cores are 
released and only the particulate matter is captured by the pollution control devices.   
 
Finishing: 
 Inputs: The input materials to the finishing process are mostly not included in this 
analysis other than the input unfinished metal parts and energy inputs.  Propane is used 
for the transport of the parts around the foundry.  Processes here include shotblast, 
grinding and a painting line. 
 Outputs: Finished metal parts, remelt for the furnace and emissions from the processes.  
In this analysis we assume around 88.5% yield for the finished production from the 
shakeout area.  This loss includes extra pieces that need to be ground off before sale and 
bad parts.  
 
 
Air Emissions:  
 
The calculation of emissions to air in the foundry is typically done using emissions factors that 
have been developed over the past 30 years.  The emissions factors are based on generalized 
knowledge of the processes and therefore may not accurately reflect the realities of a particular 
foundry’s operations.  In a study by Kaufmann and Voight, they found that emissions factors for 
VOCs and benzene are off by as much as 36% [13].   These standard emissions factors are often 
supplemented with stack tests at the foundry in order to generate factors that are more accurate to 
their processes.    
 
Emissions factors come from the AP-42 Compilation of Air Pollutant Emission Factors: 
Stationary Point and Area Sources.  The quantity of pollutants that is calculated by using the 
emissions factors from the various sources are likely to be conservative [14].  As indicated by  
Gary Mosher of the American Foundry Society, there are several reasons for this: one is that 
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when several options could be chosen, such as for the sand-to-metal-ratio, the option that yielded 
the highest emissions was chosen and another reason is that all the binder is assumed to be 
exposed to the melt, which is not the case in actuality.  For this reason, foundries will often do 
stack tests in order to create their own factors if the standard emissions factors will lead them to 
be over the legal limits. 
 
The emissions numbers in the model are preliminary assessments and more research could be 
done in this area.            
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kgHg
0.218500 1.000000 kgVOCs
0.000915 kgNH3
kgMethane
0.257768 kgHydrocarbons
0.059200 0.000300 kgPM < 10 microns
0.005800 0.002950 kgDust, >PM 10
1.975000 0.000750 kgCO
0.010000 0.000673 kgSOx
0.005000 0.000485 kgNOx
3.051936 109.353281 36.939375 15.323222 kgCO2
Air Emissions
0.008 0.014 0.001 tonnesBaghouse Dust
0.040 tonnesWaste Sand
Byproducts  & Wastes to Landfill
(0.011)tonnesPhenolic Resin
(0.000)tonnesSoda Ash
(0.001)tonnesCereal 
(0.004)tonnesSeacoal
(0.011)tonnesClay
(0.991)(0.008)tonnesNew Sand
(0.0033)m^3Nitrogen
0.135 0.538 tonnesDuctile Iron Prompt Scrap
Input Materials
(1,629.74)(670.42)(911.30)(155.39)(3.08)(1,101.65)MJElectricity
(3.56)MJPropane
(54.37)(165.36)(658.05)(272.97)MJNatural Gas
(36.83)LWater
Input Utilities
1.00 tonnesGood Finished Parts
(1.14)1.00 tonnesUnfinished Metal Parts
(0.27)1.00 tonnesCores
(8.22)1.00 tonnesSand Molds
(334.97)(27.71)(1.35)1.00 MJCompressed Air
(1.54)1.00 tonnesDuctile Iron Melt In Transfer
(1.00)tonnesDuctile Iron Melt
Main Outputs
Finishing
Pouring/ 
Cooling/ 
Shakeout
Core Making 
Process
Sand Molding 
& 
Reprocessing  
System
Compressed 
Air 
Production
Melt 
Handling 
and Holding 
FurnacesUnits
Unit Matricies 
Balance of the Foundry (After Melting)
 
Table 2.11: Unit Matrices for the Operations in the Balance of the Foundry 
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Materials Analysis: 
 
There is not a very big difference in materials usage between the three furnace melting types.  
The electric induction furnaces use quite a bit more carbon input than the cupola furnace because 
there is no other source of carbon for the melt.  In a cupola, some of the carbon in the coke will 
dissolve into the melt, thereby making the need for additional carbon very small.  The cupola 
creates more slag than an electric furnace does because there are additional impurities introduced 
into the melt through the coke.    
 
 
Energy Analysis: 
 
Much of the impact that any process has on the environment is as a direct result of energy 
consumption.  The major difference between cupola melting and electric induction melting is the 
way that the energy is applied at the foundry itself.  The primary energy sources for the foundry 
are shown in Tables 2.12 and 2.13.  When we realize that nearly 50% of electric power in the 
U.S. is generated using coal, it becomes easy to understand how the mix of input fuels for the two 
furnaces might not actually be so different after all.  
 
 
Extended Boundary Primary Energy Inputs - Cupola Foundry  
  MJ/kg melted MJ/kg shipped Percent Total 
Primary Fuels - Electricity 4.72  8.24  34.70% 
Coal 8.15  14.23  59.88% 
Natural Gas 1.03  1.79  7.54% 
Propane 0.00  0.00  0.01% 
Steam 0.98  1.72  7.23% 
Coke Oven Gas (0.57) (0.99) -4.18% 
Blast Furnace Gas (0.70) (1.23) -5.17% 
TOTAL 13.61  23.76  100.00% 
 
Table 2.12: Extended Boundary Primary Energy Inputs – Cupola Foundry 
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Extended Boundary Primary Energy Inputs - Heel Electric Induction Foundry  
  MJ/kg melted MJ/kg shipped Percent Total 
Primary Fuels - Electricity 14.92  26.05  89.54% 
Coal 0.03  0.06  0.19% 
Natural Gas 1.71  2.98  10.24% 
Propane 0.00  0.00  0.01% 
Steam 0.01  0.02  0.05% 
Coke Oven Gas 0.00  0.00  0.00% 
Blast Furnace Gas (0.01) (0.01) -0.05% 
TOTAL 16.66  29.09  100.00% 
 
Table 2.13: Extended Boundary Primary Energy Inputs – Heel Electric Induction Foundry 
 
 
Extended Boundary Primary Energy Inputs - Batch Electric Induction Foundry  
  MJ/kg melted MJ/kg shipped Percent Total 
Primary Fuels - Electricity 9.49  16.58  84.49% 
Coal 0.03  0.06  0.28% 
Natural Gas 1.71  2.98  15.19% 
Propane 0.00  0.00  0.02% 
Steam 0.01  0.02  0.08% 
Coke Oven Gas 0.00  0.00  0.00% 
Blast Furnace Gas (0.01) (0.01) -0.07% 
TOTAL 11.24  19.62  100.00% 
 
Table 2.14: Extended Boundary Primary Energy Inputs – Batch Electric Induction Foundry 
 
 
Since there is no change in downstream activities due to switching furnaces, the differences seen 
in the energy use between the cupola and the electric induction furnaces occur at the furnace and 
in the upstream activities.  The electric induction facility that provided the data uses a much 
smaller percentage of pig iron and no coke and therefore, these will have nearly negligible 
contributions to the energy use of the foundry.   
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Extended Boundary Primary Energy Use 
for a Heel Electric Induction Foundry 
(19.62 MJ/kg shipped)
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Extended Boundary Primary Energy Use 
for a Batch Electric Induction Foundry 
(29.09 MJ/kg shipped)
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Figure 2.5: Comparison of Energy Uses in the Foundry Both With and  
Without Coking and Pig Iron Production   
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Cupola
Percent of Total 
for Cupola
Heel Electric 
Induction
Percent of Total 
for Heel Electric 
Induction
Batch Electric 
Induction
Percent of Total 
for Batch 
Electric 
Induction
Melting Area 7.36 30.97% 20.78 71.43% 11.31 57.64%
Melt Handling and Holding Furnaces 2.40 10.10% 2.40 8.25% 2.40 12.23%
Compressed Air Production 1.29 5.42% 1.29 4.43% 1.29 6.57%
Sand Molding & Processing System 1.45 6.10% 1.45 4.98% 1.45 7.39%
Core Making Process 0.47 2.00% 0.47 1.63% 0.47 2.42%
Pouring/ Cooling/ Shakeout 0.95 3.99% 0.95 3.26% 0.95 4.83%
Finishing 1.69 7.10% 1.69 5.80% 1.69 8.60%
Coking 3.55 14.96% 0.01 0.05% 0.01 0.07%
Pig Iron Production 4.60 19.35% 0.05 0.17% 0.05 0.25%
Upsteam Subtotal 8.15 0.06 0.06
Foundry Subtotal 15.61 29.03 19.56
Totals 23.76 100.00% 29.09 100.00% 19.62 100.00%
Extended Boundary Foundry Energy Use by Process Type Per Tonne Shipped: Furnace Comparison (MJ/kg)
 
Table 2.15: Extended Boundary Primary Energy Use by Process Step per Tonne Shipped
 
The total energy use shown for the foundries interviewed in this study compares very well to the 
national numbers that were described in Chapter 1.  As might be expected by the fact that we 
were able to gather this type of detailed information from them, these foundries are operating at a 
lower energy intensity than the average foundry.   
 
The data shown in the above graphs shows some very interesting details about the foundry 
process.  If we only look at the energy use at the foundry and disregard upstream processes, then 
the cupola is the least energy intensive process.  Once coking is added to the energy numbers for 
the cupola, the difference in energy use between cupola and batch electric induction melting 
becomes nearly indistinguishable.  However, when the upstream process of pig iron production is 
included, then the batch electric induction melter becomes the clear best choice of the three 
technologies.  This difference is based on the reported use of pig iron in one cupola foundry and 
one electric induction foundry and may not be the case for all facilities.  This information about 
upstream processes and their effect on total energy use is valuable though, because it 
demonstrates how big of an impact energy intensive materials can have on the lifecycle energy of 
a downstream process.  This is another instance in which it is important to examine all the effects 
of a technology change in order to gauge the energy and environmental impact.  Policies that are 
intended to lower the energy use of the casting industry should be careful not to increase the use 
of pig iron, as that will negate any savings at the foundry itself.  The effect that this energy use 
has on greenhouse gas emissions will be discussed in the next section.               
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Greenhouse Gas Emissions Analysis: 
 
Over the last several years, there has been increasing concern among scientists and the general 
public over climate change.  Discussions have been heavily focused around the consequences of 
not reacting in a timely manner to the rise in global atmospheric carbon dioxide levels and the 
possible economic impacts of attempting to reduce the rate of increase of atmospheric carbon.  
The possibility of a U.S. national carbon tax or a carbon cap and trade system is a topic on 
everyone’s mind as evidenced by the multitude of articles in the media.  Overall, the U.S. emitted 
7260.4 Tg of CO2 equivalents in 2005, which represents a 16.3% increase since 1990 [15].  
 
Industry, especially, has been concerned about the possibility of a carbon tax and what that will 
do to their ability to compete in the global marketplace.  The industrial sector directly consumes 
32.30% of U.S. energy and since the manufacturing sector accounts for 80% of the industrial 
sector,  this puts manufacturing energy consumption at 27.43 EJ in 2005 [16].  Since the majority 
of this energy consumption comes from fossil fuels, it ties directly to greenhouse gas emissions, 
which are shown in Figure 2.7.    
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Figure 2.6: U.S. Energy Use by Sector 1973 – 2005  (data from [16]) 
 
 59 
U.S Greenhouse Gas Emissions in 2005
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Figure 2.7: U.S Greenhouse Gas Emissions in 2005 [15] 
 
 
The effect of a carbon tax or cap and trade on a manufacturer will depend on their technology 
choices and on the relative efficiency to their competitors.  Technology decisions determine the 
type and amount of energy required, which as we have seen in the last section can vary the 
overall impact significantly.  In this analysis, the effect of different melting furnaces on total 
greenhouse gas emissions by a foundry is considered.  Carbon production in the iron casting 
industry comes from several sources, which are mainly connected to the combustion of fossil 
fuels.  Here we will assess three melting technologies, cupola, heel electric induction and batch 
electric induction.  The balance of the foundry remains generally the same regardless of the 
melting furnace type, but it is calculated in order to assess total greenhouse gas emissions.   
 
The major greenhouse gases that a foundry and the upstream processes of coking and pig iron 
smelting will emit are carbon dioxide, CO2, methane, CH4, and nitrous oxide, N2O.  The available 
data for methane and nitrous oxide emissions at the foundry level are not sufficient to analyze 
their impact and therefore, here only carbon dioxide emissions are calculated.  This is an area for 
further research, as both CH4 and N2O have much stronger global warming potentials than does 
CO2, at 21 and 310 respectively over a 100 time horizon [15].         
 
The efficiency of the electric grid in the U.S. is assumed to be 32.5%, which is the number used 
by the Department of Energy in their analyses of the Iron and Steel Industry [10].  Therefore, the 
conversion factor is about 11 MJ/kWh or 10,500 Btu/kWh.  
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Carbon Source Units CO2 Creation Assumptions
Coke kg/tonne (g/MJ) 3,378.0 (109.4) 92.19% carbon by weight per foundry partner
Natural Gas g/MJ 56.13 CH4
Propane g/MJ 63.60 C3H8
Seacoal kg/tonne 3297.71 90% carbon by weight 
Soda Ash kg/tonne 415.23 Na2CO3
Cereal kg/tonne 1465.71 C6H12O6
Phenolic Urethane kg/tonne 2200.49 C10O3H12N2  (see diagram)
CO2 Creation Per Unit of Direct Fuels and Materials (assuming 100% combustion)
 
Table 2.16: Carbon Dioxide Creation per Unit Direct Fuels and Materials.  
 
 
H N CH2
CO
N
CH2
CH2OH
OH  
Figure 2.8: Phenolic Urethane  [17] 
 
 
Cupola Melting: 
The cupola creates greenhouse gases due to combustion of incoming fuels and reactions of input 
materials.  Almost all of the emissions in the furnace are advanced to CO2 because of the natural 
gas afterburners.  There is creation of CO2 from the following sources: the combustion of coke in 
the furnace, the combustion of natural gas in the afterburners and electricity for the pollution 
control devices.  A small amount of CO2 is created when limestone is added to the melt for 
slagging and limespar is added for desulphurization.  In addition to this, CO2 and other volatile 
organic compounds (VOCs) are created during the pig iron smelting and the coking processes, 
which are taken into account here.          
 
Electric Induction Melting (Heel & Batch): 
Whereas the cupola furnace will result in CO2 production at the location of the foundry, an 
electric induction furnace will create CO2 at the power plant location.  However, under a carbon 
tax situation the cost would likely pass down to the electricity consumer and therefore, we take 
this into account.  The location of a foundry, and therefore the primary fuel breakdown of their 
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local grid, will play a big role in how much actual CO2 is produced by a particular operation.  In 
this study we look at the national average grid primary fuels in order to make a general statement 
about an average U.S. foundry.  In addition to the furnace itself, the preheater uses natural gas to 
heat the incoming scrap and a small amount of electricity.          
 
Balance of Foundry: 
In the balance of the foundry, greenhouse gasses are created through the combustion of the 
organic materials in the sand and core molds.  The organic materials used in the foundries that are 
analyzed include seacoal, cereal, soda ash and phenolic urethane.  Additionally, there is the 
electricity used to run the equipment, which causes CO2 production.  In this study we assume that 
all of the carbon input that is not discarded with the waste sand is combusted to be CO2.  Since 
the waste sand is the same as the regular sand, we know that is has the same percentage of 
organic material.  Approximately 4% of the sand mulled by the system under consideration is 
discarded and this is the amount of carbonaceous material that we will assume leaves in solid 
form, thus 96% is combusted and leaves as air emissions.  The numbers calculated in Table 2.16 
assume that there is complete combustion of all the material into CO2.   
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Cupola Melting Total GWP
Upstream:
Electricity CO2 kg/tonne 51.28
Coking CO2 kg/tonne 0.10
Pig Iron CO2 kg/tonne 68.95
At the Foundry 
Cupola Furnace CO2 kg/tonne 739.60
TOTAL 859.93 kg/tonne
Heel Electric Induction Furnace:
Upstream
Electricity Generation kg/tonne 1047.83
Coking kg/tonne 0.00
Pig Iron kg/tonne 0.74
At the Foundry 
Electric Induction Furnace Preheater kg/tonne 115.48
TOTAL 1164.05 kg/tonne
Batch Electric Induction Furnace:
Upstream
Electricity Generation kg/tonne 517.63
Coking kg/tonne 0.00
Pig Iron kg/tonne 0.74
At the Foundry 
Electric Induction Furnace Preheater kg/tonne 115.48
TOTAL 633.86 kg/tonne
Balance of Foundry
Upstream
Electricity Generation kg/tonne 410.05
At the Foundry 
Balance of Foundry CO2 kg/tonne 165.09
TOTAL 575.14 kg/tonne
Global Warming Potential Breakdowns For Different Furnace Types
 
Table 2.17: Breakdown of Global Warming Potentials 
 
 
Cupola Foundry
Cupola Furnace kg/tonne 860
Balance of Foundry kg/tonne 575
Total kg/tonne 1435
Heel Electric Induction Foundry
Electric Induction Furnace kg/tonne 1164
Balance of Foundry kg/tonne 575
Total kg/tonne 1739
Batch Electric Induction Foundry
Electric Induction Furnace kg/tonne 634
Balance of Foundry kg/tonne 575
Total kg/tonne 1209
Global Warming Potential Totals - Per Tonne of Good Product
 
Table 2.18: Global Warming Potentials 
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Conclusions:  
 
The findings here demonstrate that the selection of production technologies can have a significant 
impact on the greenhouse gases created.  If the price attached to emissions is high, then a batch 
electric induction facility will have a significant advantage over other facilities.  The reason that 
batch melting performs better than cupola melting here, even though it uses slightly more energy, 
is that electricity, due to the mix of fuels used to create it has a lower carbon intensity per MJ.   
The cupola melting facility causes fewer CO2 emissions than the heel melting facility, as a direct 
result of less energy use.  This is true even if there is no difference in pig iron included in the 
melt.   
 
It is worth noting that the effect on the industry of a carbon tax may be much more dramatic than 
just a change in the technology used, especially if there is no tax levied on casting imports.  It is 
foreseeable that the increased cost could make the foundries in the U.S. uncompetitive with 
foreign competitors.  Additionally, since many castings are used in the automotive sector, the 
total life cycle effects of a casting will come into play.  If a carbon tax is levied on transportation 
fuels as well, then the automotive sector will switch to still lighter materials in an attempt to 
reduce the use-phase CO2 production, which is much greater than the materials and 
manufacturing phase gas production.  This would cause iron casting industry sales to shrink as 
customers switched to aluminum and plastic composites.   
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New Technology Options Analysis:   
 
New technologies can enable the iron casting foundry to reduce their environmental impact 
through the reduction of new materials and energy purchases and emissions.  In addition to the 
environmental benefits associated with less materials use, the accompanying reduction of costs 
can help them to be more competitive with lower cost producers in other nations.  The following 
two new technology options are currently being investigated by researchers at the Pennsylvania 
State University and Furness-Newburge.  In order to analyze their relative merits, we can insert 
these two new technologies into the input-output process model for the cupola melting facility.  
Here we can assess the effect that these two new technologies can have on materials use, energy 
use and emissions.       
 
Advanced Oxidation – Blackwater 
 
The advanced oxidation system is a modification of the traditional foundry dust collection and 
sand reprocessing systems.  The dust collection systems at the pouring, cooling and shakeout 
(P/C/S) lines collect particulates and emissions from these areas which include clay and coal fines 
[18].  Typically, the baghouse or wet scrubber collected dust is simply landfilled and no 
reclamation is attempted.  In the AO-Blackwater system, this dust is combined with water, ozone 
and hydrogen peroxide and then subjected to sonication.  Sonication is the application of sound 
waves to the liquid to form cavitation mircobubbles, which work through intense localized 
pressure and temperature to form hydroxyl free radicals that destroy or alter organic compounds 
[18, 19].  The use of ozone and hydrogen peroxide processes for water treatment is well 
developed, but have only recently been used for emissions reduction in iron foundries [20].  By 
cleaning the clay of the organic materials that coat them, this treatment allows the active clay to 
be separated from the dead clay and silica sand fines.  The active clay and coal settle at a different 
rate than dead clay and sand fines, so these expensive input materials can be returned to the sand 
system as a blackwater slurry [18].  The AO-Blackwater system allows the foundry to use 20-
35% less clay and coal in the green sand molding system than they would otherwise use.  
Additionally, the use of AO causes a reduction in overall volatile organic compounds (VOCs) and 
hazardous air pollutants (HAPs) from the sand system.  The addition of the AO-Blackwater 
process in a foundry requires a re-optimization of the entire green sand system because it changes 
not only the total amounts, but the relative amounts of the input materials.  These systems have 
been installed in several foundries, and the numbers in the IO model are average numbers. 
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Process Details:  
 
Inputs: 
 Electricity (0.5 kWh/tonne melt) 
 Hydrogen Peroxide (approx. 0.018 L/tonne green sand) 
 Water (all water that goes into the sand system goes through here first, but no 
total system change – 36.8 L water/tonne green sand) 
 Dust from pouring/cooling/shakeout baghouses (all the dust that can be 
collected) 
 
Outputs: 
 Blackwater for the sand system 
 Sludge (25% of the dust input) 
 
Changes to Other Processes: 
 Approximately 25% less new sand input to sand system 
 Approximately 35% less clay and 25% less seacoal inputs  
 1% increase in soda ash 
 Less carbon dioxide due to lower seacoal inputs 
 Less other emissions, ie. VOCs and HAPs.  
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Figure 2.9: Process Flow Diagram for Advanced Oxidation Blackwater Production [20] 
 
Findings:  
Through the use of the advanced oxidation blackwater system a foundry is able to reduce their 
use of several input materials with a very small increase in electricity consumption.  The overall 
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increase in energy use is 5.57 MJ/tonne, which is a negligible increase over the energy use found 
in the previous analysis.  The result is an overall reduction of about 2% of the extended boundary 
CO2 and 3% of the CO2 creation at the foundry itself because of the reduction in seacoal inputs.  
Overall, there was a 22.5% reduction in VOCs at the foundry, which is a very large improvement. 
The reduction in VOCs at the foundry is especially helpful in controlling carcinogenic emissions 
and therefore in relationships with both the surrounding communities and the EPA.  In addition, 
the reduction in foundry costs due to the reduction in expensive inputs can contribute 
significantly to the international competitiveness of the iron casting industry.     
 
 
Green Sand Reclamation Addition to the Advanced Oxidation Blackwater 
 
The most recent research in advanced oxidation treatment applications for the foundry has been 
the development of a system for the reclamation of waste sand.  This new process will be in 
addition to an already installed AO-Blackwater system.  A typical foundry will deliberately waste 
approximately .25 tonnes sand/ tonne of iron melted.  The sand needs to be purged from the 
system in order to maintain the specification characteristic of grain size, since when the sand is 
exposed to molten metal, it will tend to break apart and create sand fines.  When the sand is too 
coarse, molten metal will tend to break into the mold and cause defects.  When it is too fine the 
volatile compounds created by the combustion of the seacoal around the melt will not be able to 
escape the mold through the pores in between the sand grains and the mold will break apart.  
Since both the disposal of waste sand and the purchase of new sand represent costs, foundries are 
very interested in a way to reduce the amount of sand that needs to be replaced.  By sending 
waste sand through a wet reclamation system with cavitation, it is proposed that most of the sand 
can be reclaimed and the effluent blackwater with clay and coal suspended can be fed through the 
advanced oxidation blackwater system [21].  Bench-scale demonstrations of this process have 
been done and the numbers for the IO model are from this work.   
 
 
Process Details:  
 
Inputs: 
 Electricity (40 kWh/tonne melted) 
 Hydrogen Peroxide (approx. 0.019 L/tonne green sand) 
 Water (approx. 3% more water needed – a total of 37.9 L/tonne green sand 
goes through the system, an addition of 1.1 L/tonne green sand) 
 Waste green sand (all the waste sand) 
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Outputs: 
 Blackwater to the AO-Blackwater System   
 Reclaimed sand to the sand system  
 Waste sand  
 Evaporated water  
 
Changes to Other Processes: 
 80% less new sand total needed in the molding system and 65% less new 
sand needed in the core molding  
 60% less clay and coal additions, 1% increase in soda ash 
 Less water needs to be added at the muller, since this sand is already wet 
 Lower VOCs, HAPs and CO2 (same as AO-Blackwater) 
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Figure 2.10: Green Sand Reclamation Addition to AO Blackwater [21] 
 
Findings:  
The addition of green sand reclamation to the advanced oxidation blackwater is beneficial 
because it allows the foundry to drastically reduce its waste creation.  The overall increase in 
energy use is around 447 MJ/tonne, which attempts to take into account the energy required to 
dry the sand in order to reuse it, but this is a just a first estimate.  There is no additional reduction 
of VOCs, and the change in total carbon dioxide emissions is the same as with the standard AO 
blackwater system since more electricity is being used, which offsets any gains through the 
bigger reduction in seacoal purchases.   
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Input-Output Model Conclusions: 
 
The Input-Output model of the foundry is a base upon which many further different analyses can 
be run.  A study of the interactions between the steps makes it clear that there are several factors 
that have a large influence over the energy and materials use in the foundry: part yield ratio, sand-
to-metal ratios and percent bad parts.  The part yield ratio controls how much metal must be 
melted in order to create a part, and as melting represents over 50% of energy use in a foundry 
regardless of melting technology, any new system or process that would improve the yield would 
make a dramatic reduction in foundry energy use.  If there is a reduction in the number of bad 
parts, then this will not only reduce energy use throughout the entire foundry, but will also result 
in the ability to increase throughput.  Throughput increases cannot be accounted for in the IO 
model which assumes a linear relationship between inputs and outputs, but it is likely that there 
would be a big impact seen in reduced energy per unit.  These two factors have a large influence 
over the amount of energy that is needed in the foundry and therefore also have a big influence on 
emissions.  A reduction in the sand-metal-ratio could also reduce the emissions from the foundry 
because less seacoal per unit product would be exposed to the hot metal.  Only the seacoal at the 
interface between the mold and the melt functions to protect the casting, and all the other 
emissions from combustion that happen further away are unnecessary [22].  If the sand-to-metal 
ratio could be reduced, this would decrease the amount of unnecessary emissions and also reduce 
the energy expended in mulling and reprocessing this sand.       
 
These process step improvements could benefit the ductile iron casting foundries, however, there 
is an interesting industry-wide effect that results from the migration to ductile over gray iron 
casting.  Due to differences in the pattern of solidification of the two metal types, all things being 
otherwise equal, ductile iron has a lower part yield than gray iron because it requires bigger risers.  
Therefore with the switch from gray to ductile, the energy use in the industry as a whole is going 
to increase.  Additionally, the tap temperature for ductile iron is higher than for gray iron, which 
means that the furnaces require more energy per unit melt.   
 
The next chapter addresses the differences between melting technologies in more detail through 
an exergy analysis.             
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Chapter 3 : Exergy Analysis in Manufacturing 
 
 
Introduction 
 
Exergy analysis is a tool that can be used to comprehensively assess the use of materials and 
energy in a manufacturing process.  It is applicable as a way to evaluate the efficiency with which 
energy is used and whether there has been benefication or degradation of the materials.  Exergy, 
or available work, is a thermodynamic property that is defined relative to the environment, which 
must be specified.  The application of exergy to industrial processes was developed by Szargut 
[1] and later shown to apply to metals processing in a working paper by Masini and Ayres [2].  
Here we first review the concept of exergy and then explore what can be learned about the iron 
casting industry from an exergy analysis of the melting processes.   
 
In order to fully describe the importance of exergy in the analysis of manufacturing systems, we 
will begin with a review of the definition of exergy.  Exergy is defined by Szargut [1, p.7]: 
  
Exergy is the amount of work obtainable when some matter is brought to a state 
of thermodynamic equilibrium with the common components of the natural 
surroundings by means of reversible processes… 
 
At equilibrium with the environment, a system has zero exergy.  From this explanation, we can 
develop the following relationship for exergy, B: 
 
  reversibleWB =     [3, p. 99]   (3.1) 
 
Exergy represents the maximum work that is either obtainable by returning a system to the 
environmental reference state or the minimum work that is required to change a system from the 
reference state to some other state.  It allows us to compare any real process, which has 
irreversibilities, to either the theoretical work that can be extracted from the system or to the 
theoretical minimum work necessary to take the system from one state to another.       
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work attainable by 
returning the system 
from the System State 
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OR
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System State
System State System State
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Figure 3.1: Visual Conception of Exergy [4] 
 
In materials processing and manufacturing, energy is used to transform raw materials into useful 
products.  In this transformation energy is conserved, but exergy, which can be understood as the 
quality of those materials or the ability of fuel inputs to do future work, is lost.  The materials and 
fuels in a process can have available energy stored in many forms, including, physical, chemical, 
potential, kinetic, elastic, magnetic and nuclear.  As noted by Masini and Ayres [2], in the 
processes that we are concerned with, the major modes of energy storage are chemical and 
physical.         
 
     phch BBB +=     (3.2) 
 
Chemical exergy is present when a substance is in a different concentration than that in which it 
would naturally be found or when it is present in a different chemical formulation than the 
reference state.  Work can be extracted from a substance through the chemical reaction that will 
return it to its environmental reference species or when it is returned to its natural concentration 
(exergy of mixing).  Physical exergy is the maximum work attainable by returning a system to the 
environmental reference temperature and pressure (To, po).        
 
In materials processing steps, a virgin material, such as iron ore (Fe2O3), is taken from its 
reference state through the use of energy inputs to a state that is useful, nearly pure pig iron (Fe).   
In this process, exergy will be lost in the form of waste heat, but the materials themselves will 
retain a higher exergy value than at the beginning.  In many manufacturing processes, pure 
materials that were made in a material processing step and that have a high exergy value are 
subsequently diluted and exergy is lost.  This is the case for the production of castings made of 
 73 
highly alloyed metals, where two or more nearly pure metals are subsequently mixed together to 
meet certain material property requirements.   
 
 
Chemical Exergy 
 
In order to get a full picture of the manufacturing process, first we will define chemical exergy 
and then combine that with physical exergy.  For every substance and element, there is a 
reference species that is the most common form in which the substance is found on earth.  An 
example of this is carbon dioxide, CO2, which is a reference species that applies to organic fuels.  
When this reference species is at its natural environmental concentration level, it has zero 
chemical exergy because no work can be extracted from it.  The reference species has been 
discussed by Szargut [1] and can be in comparison to atmospheric air, seawater or the average 
concentration of the lithosphere (external layer) of the earth’s crust, depending on the element 
involved and the process under consideration.  Examples of reference species that are of 
importance to iron casting are the ones for pig iron and for metallurgical coke, which are 
respectively, Fe2O3 and CO2. 
   
The chemical exergy of a system is made up of two parts: the exergy of concentration relative to 
the reference concentration and the exergy due to the chemical potential of the substance.    
 
 potentialchemicalchextractionchch BBB −− ∆+∆=∆   (3.3) 
 
A system that contains a substance that is at a higher concentration, c, than the concentration of 
the reference state, refc , increases in exergy because that system has the potential to perform 
work.  Given time, the concentrated substance will tend to diffuse in order to reach the reference 
concentration.  This occurs because diffusion will increase the randomness of the system, thereby 
increasing the entropy.  The exergy of mixing or extraction is the minimum amount of energy that 
must be expended to “collect” these particles from the diffuse state to where they now have the 
ability to perform work.  See Sato [3] for a clear derivation of the exergy of mixing/extraction.     
 
 74 
System State:  Fe2O3
at c = 1
Reference State:  Fe2O3
at cref = 1.3 x 10
-3 and  
To, po
 
Figure 3.2:  Chemical Exergy: Extraction [4] 
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  (adapted from [3])  (3.4) 
 
The standard molar exergy of pure substances, 
o
chb , are listed in tables in Szargut [1].  An 
example of this would be pure iron oxide, Fe2O3, that is ready to be processed.  According to 
Szargut, the reference concentration for iron oxide as found in the earth’s crust is a mole fraction 
of 
3103.1 −×=refc .  Therefore the exergy of pure iron oxide (c = 1) at To is as follows: 
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
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×=∆ −− o
oo
  (3.5) 
      
 
Additionally, chemical exergy is present when a substance is not in its reference species.  An 
example of this would be pure iron or aluminum.  These two substances contain the ability to do 
work through the release of heat when they are combined with other elements and returned to 
their respective reference states of Fe2O3 and Al2SiO5.  The standard chemical exergy of a 
chemical compound is defined as the sum of the standard chemical exergies of the elements 
involved plus the Gibbs free energy of formation of the product substance.   
 
 ∑+∆=
el
elchelfch bnGb
ooo
   [1, p.59]    (3.6) 
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This equation can be used in order to determine the chemical exergy involved in a reaction.  The 
stoichiometric mole balance of the equation that represents the transformation of one species into 
another is used in order to calculate the exergy lost: 
 
 LL ++→++ KvJvBvAv kjba  [5, p. 17]  (3.7) 
    
 
where  iv  = stoichiometric coefficient of species I 
 
 
ooooo Gbvbvbvbv fkchkjchjbchbacha ∆++=+ −−−−   (3.8) 
 
Here, 
o
elchb − or 
o
chb  is used, which is the standard chemical exergy of an element or a substance, 
respectively, depending on what the reaction involves.  The term 
oGf∆  is the standard Gibbs 
free energy of formation of the products.  The Gibbs free energy of formation represents the 
amount of energy that is lost as heat when an exothermic reaction such as the combustion of 
carbon takes place, or the amount of input energy that is needed in order to cause an endothermic 
reaction to proceed.   
 
 
Fe2O3 at c = 1
System State: Fe
Reference State:  Fe2O3
at cref = 1.3 x 10
-3 and  
To,  po
 
Figure 3.3: Chemical Exergy: Chemical Potential [4] 
 
 
The reduction of iron ore into pig iron is a good example of the chemical exergy changes that take 
place in a system when a reaction occurs.  The stoichiometric equation that defines this 
transformation is given below: 
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  232 3432 COFeCOFe +→+      (3.9)  
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Since the result of the equation is negative, the equation requires a minimum of 301.3 kJ to 
process 2 moles of iron ore.  Therefore, per kilogram of pig iron created, the minimum input 
requirements are 1.35 MJ/kg.  As discussed in Chapter 2, the actual energy needed to smelt pig 
iron is much greater than this, at around 17.5 MJ/kg [6].      
 
 
 
Physical Exergy – Open Flow System Analysis 
 
The following development of the definition of physical exergy follows similar ones done in the 
references [1, 5, 7].  Physical exergy is present when a system is at a temperature, T, and pressure, 
p, which is not the same as the environmental state, (To, po).  Work can be extracted by returning 
this system to the reference state.     
 
Since all manufacturing processes are open systems where materials, heat and work enter and 
leave the system, we will frame this discussion around an open system with a fixed control 
volume.  For an open system in a steady state and mechanical equilibrium with its environment, 
the First Law is represented by: 
 
 PdVudmWQdU ++−= δδ    (3.11) 
 
 
 
U, V, m
Qδ
Wδ
inm&
outm&
 
 
Figure 3.4: First Law for an Open System 
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where  u = velocity 
and  z = height  
 
 
For a manufacturing system in a steady state with one inlet and outlet, we can drastically simplify 
this equation.  We can eliminate the kinetic and potential energy because they do not typically 
play a large role in the energy stored in manufacturing systems.   
 
 inout QWHm
&&& −=∆   (3.13) 
 
The Second Law equation for a control volume of an open flow system is as follows: 
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which simplifies to: 
 
 0=++∆ generated
o
S
T
Q
Sm &
&
&   (3.15) 
 
 
In a reversible process, there is no entropy generated, and therefore 0=generatedS& .   The maximum 
reversible work that can be extracted from the system follows from Equations 3.13 and 3.15: 
 
 revrev QHmW
&&& −∆=   (3.16) 
 
 ( )STHmSTmHmW oorev ∆−∆=∆−∆= &&&&   (3.17) 
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Total Exergy  
 
The total exergy of a manufacturing system is in the combination of the chemical and physical 
exergies of the components.  All exergy, chemical and physical included, can be simplified to 
represent changes in enthalpy and entropy and can therefore be put into the following all 
inclusive equation: 
 STHBBB ophch ∆−∆=+=   (3.19) 
   
Reference State:  Fe2O3
at cref = 1.3 x 10
-3 and  
To, po
Fe2O3 at c = 1
Fe
System State:  Fe 
at T, p
phB
chB
 
Figure 3.5: Total Exergy of a System 
 
For the evaluation of manufacturing process, different combinations of the sources of exergy may 
be needed.  In many cases, including the example that we will investigate here, physical exergy 
can be neglected by drawing the boundaries of the problem large enough that the inputs and 
outputs are at standard temperature and pressure.   
 
Materials use in manufacturing plays a big role in the efficiency of the processes.  The use of 
recycled materials is highly desirable because not only does it save limited landfill space, but it 
takes much less energy to reprocess used materials, especially metals, than it does to create virgin 
materials.  The exergy degradation of the input materials to a process is important because it 
affects their ability to be recycled in the future.  If we are very concerned about being able to 
recycle metal scrap, then it is not in our interest to specify highly alloyed products.  In order to 
reuse highly alloyed materials, a lot of virgin material is needed to dilute that incoming scrap to 
the right new specifications, or else it cannot be used at all.   
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Manufacturing Efficiency   
 
In order to compare different manufacturing processes, we need to have a metric by which to 
assess the ability of those processes to use both the energy and materials that are put into the 
system.  It is not enough to simply compare the energy used in different manufacturing processes 
because many processes, such as chemical vapor deposition (See [8]), degrade extensive amounts 
of high exergy materials.   
 
In general, a manufacturing process can be described by Figure 3.6.  Materials and energy are 
sent into the system and a useful output is achieved.  In the process, waste materials (by-products) 
and heat will be created.   
 
ENERGY  
Manufacturing 
Process
Waste Heat  Waste Materials
Input Materials
Useful Output
 
Figure 3.6: Manufacturing Processes 
 
Any real process will have exergy loss in the form of heat and waste products, and therefore, we 
can analyze our ability to design manufacturing processes based on the amount of exergy loss.  
The following equation holds true and in an exergy analysis of a real process, we will be 
interested in knowing the Blost.       
 
 lostproductsbyoutputsusefulinputs BBBB ++= −   (3.20) 
 
Exergy losses occur in many ways, including friction losses or heat loss when substances leave 
the system at a temperature higher than To.  Szargut [1] and Brodyansky [9] describe the types of 
exergy losses that can be found in a system, which come in two categories: external and internal.  
External exergy losses are losses to the environment in the form of wastes, such as hot flue gasses 
and cooling water.  Internal exergy losses occur due to irreversibilites in the system processes.  
Two kinds of internal exergy losses can be present, technical and structural.  Technical exergy 
losses occur due to imperfect machinery and maintenance of the system, such as friction losses in 
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pumps and non-continuous operations of furnaces, causing suboptimal conditions.  These are 
items that can be fixed in order to improve the efficiency of a process.  Structural losses however, 
are due to the nature of the process itself, and if the efficiency is to be improved an entirely new 
process must be utilized.  An example of a structural loss in the foundry is the heat lost to the 
environment across the furnace walls.  No real furnace is perfectly insulating and there will 
always be a temperature gradient between the interior of the furnace and the outside environment 
that results in heat loss through conduction.  
 
In order to determine how good a manufacturing process is at making its desired outputs from its 
inputs, we need to define the manufacturing efficiency.  Energy efficiency can be analyzed with a 
Second Law Efficiency, IIη , calculation.  Exergetic efficiency takes into account not just the 
energy inputs to the process, but the material inputs as well and therefore is a comprehensive way 
to analyze the system.  The type of exergetic efficiency that is applicable to manufacturing 
systems is called the Degree of Perfection, Pη .   
 
The Second Law Efficiency is a way to compare the energy used by the system to the theoretical 
minimum energy needed to make the process run.  A process is ideal, and therefore has an IIη  of 
100%, if the actual energy input is equal to the theoretically determined minimum.  The Second 
Law Efficiency of a process is defined as:  
 
 
inputenergyactual
requiredworknimummiltheoretica
II =η   (3.21) 
 
The Degree of Perfection is easier to determine and therefore is applicable to processes where the 
theoretical energy required to achieve a desired output is unknown.   It is a measure of the useful 
exergy output as compared to the exergy value of the inputs.  The system is considered ideal 
( %100=Pη ) if there is no exergy loss and the useful outputs equal the inputs.  The Degree of 
Perfection of a process is defined as:           
 
 
inputsofexergy
outputsusefulofexergy
P =η   (3.22) 
 
In the following analysis of three melting technology choices we will utilize both the Degree of 
Perfection and the Second Law Efficiency in order to make comparisons between the processes.  
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Technology Choice Case Study:  
Cupola Melting vs. Electric Induction Melting of Ductile Iron   
 
 
Overview  
 
We can use the above efficiency measures in order to analyze the relative merits of three metal 
melting technologies.  In an iron foundry, the three main technologies for metal melting are 
cupola, heel electric induction and batch electric induction melting.  For this project, I visited two 
different foundries that use these technologies – one is a cupola melting facility and the other is a 
heel electric induction facility.  This analysis will compare the melting efficiencies for a ductile 
iron melt for similar reasons as it was chosen for the analysis in Chapter 2.   
 
In order to compare the three technologies, the energy and material inputs are normalized on a 
1000 kg output of melt.  In this analysis we will compare the technologies in terms of their ability 
to use the energy and materials, from their primary energy inputs.  The energy inputs for the use 
of pig iron or any other material are not included in this analysis, which is just on the process 
itself.   
 
The material and energy flows were determined by gathering data from the participating 
foundries and from the Cupola Handbook published by the American Foundry Society [10].  
Many of the input materials to the melter are a solution of elements, such as cast iron scrap.  Cast 
iron scrap is mainly comprised of iron, but has traces of carbon, silicon, manganese, phosphorous 
and sulfur.  The exergy values of these inputs in the following analysis are calculated using 
Equation 3.23, which is an approximation of Szargut’s equations for the exergy of a solution [1].   
 
 
o
ichich bnB ∑=∆   (3.23) 
 
Here we use the bi of the pure element or substance and disregard the decrease in exergy that 
comes from mixing.  It has been neglected because the amount of uncertainty elsewhere in the 
analysis is a larger than that created by the losses due to mixing, as will be shown below.  The 
exergy of a solution, as derived by Szargut is: 
 
 ichich bnB ∑=∆   [1, p. 70] (3.24) 
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where ib in an ideal solution is equal to: 
 
 ioichich xRTbb ln+=   (3.25) 
 
The second term is always negative and is a reduction of the standard chemical exergy due to the 
mixing of elements.  In Table 3.1, the chemical exergy of ductile iron remelt is calculated both 
with and without taking into account the reduction for mixing.  Here it is shown that the exergy of 
mixing is so small that the change in exergy value is only 0.4%.  Therefore, in this analysis, it is 
safely neglected.      
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Table 3.1:  Exergy of a Solution 
 
For all melting processes, the exergy of the inputs and outputs are calculated.  From this 
information, we can immediately get the Degree of Perfection of each process and make a 
comparison.  Additionally, we would like to compare the Second Law Efficiencies of these very 
different melting technologies.  In order to do this, we need to determine the minimum energy 
input needed to achieve the same result – 1000 kg of melted ductile iron.  The minimum energy 
input is what is necessary to melt the metal and then raise it up to the tap temperature.  The tap 
temperature is the temperature at which the melt is taken from the furnace and it is different for 
the two processes.   
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 TcHW pf ∆+=min   (3.42) 
 
The composition of ductile iron plays a large role in the above equation because it determines the 
thermal properties of the material.  The heat capacity (or specific heat) and heat of fusion of 
ductile iron is not the same as for pure iron because of the role that the impurities play in the 
structure of the material.   
 
100.00%
0.05%Mg
0.02%S
0.05%P
0.60%Mn
2.40%Si
4.00%C
92.88%Fe
Composition of Ductile Iron
 
Table 3.2: Composition of Ductile Iron (adapted from data from foundry & [10]) 
 
 
Cupola Electric Induction Furnaces Source
Melt Product Ductile Iron Ductile Iron 
Tap Temperature 1524°C  (2775°F) 1454.4°C  (2650°F) Foundry Partners
Heat of Fusion of Ductile Iron kJ/mol (kJ/kg) 12.287 (220) 12.287 (220) ASM Metals Handbook 9th Edition V. 1
Heat Capacity of Ductile Iron J/mol°K (J/kg°K) 33.68  (603) 33.68 (603) ASM Thermal Properties of Metals
Rated Melt Capacity tonnes/hr 32 14.0 Foundry Partners
Actual Melt Rate tonnes/hr 24 10.5 Foundry Partners
Slag Production/ Tonne Melt tonnes 0.07 0.05 Foundry Partners
Dust Production/ Tonne Melt tonnes 0.03 0.00025 Foundry Partners
 
Table 3.3: Important Information for Technology Comparison (various sources) 
 
 
Ductile Iron Cupola Melting 
 
The cupola melting foundry that provided the data for this analysis has a ductile iron melting 
plant with the capacity to melt 31.75 tonnes per hour.  However, they do not have the molding 
line capability to produce at this rate and therefore, their actual melt rate is reported to be 
approximately 24 tonnes/hour.  The tap temperature for the cupola is reported to be 
Fo28002750 − , and therefore in this analysis an average tap temperature of Co1524  is utilized.  
The foundry claims to lose about 2.5% of the input metals to the furnace due to oxidization, 
which results in removal in the slag and as cupola dust.  For this reason slightly more input metals 
are required to get 1 tonne of melt.  In order to include the primary energy for cupola melting, the 
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exergy lost in the production of the coke from coal is included.  Please see Table 3.4 for all 
cupola input and output materials.            
 
 
 
Ductile Iron Heel Electric Induction Melting 
 
The foundry that provided the data on heel electric induction melting for this analysis has the 
capacity to melt 14.5 tonnes/hour, but the actual melt rate is reported to be approximately 10.45 
tonnes/hour.  The tap temperature for the cupola is reported to be Fo2650 , and therefore in this 
analysis a tap temperature of Co4.1454  is utilized.  The foundry claims to lose about 0.5% of the 
input metals to the furnace, which is less than the 2.5% losses experienced in the cupola.  The 
heel electric induction facility uses a preheater in order to guarantee that there will not be any 
water introduced below the melt line, due to the possibility of explosions due to steam expansion.  
The preheater uses both natural gas and electricity.  In order to account for the primary energy in 
this analysis, the DOE factor of 11.08 MJ/kwh is used to convert from electricity use at the 
foundry to primary energy inputs.  This factor includes the efficiency of the U.S. grid, which is 
approximately 32.5% [11]. Please see Table 3.5 for all heel electric induction input and output 
materials.            
 
 
Ductile Iron Batch Electric Induction Melting 
 
In this analysis, the melting energy characteristics for an Inductotherm VIP Power-Trak 5000 kW 
melter is used instead of the heel electric induction melter.  This device was chosen because its 
rated melting capacity is the same as the actual melting rate of the heel induction melter.  The 
batch induction melter does not require that melt remain in the furnace and therefore it operates 
closer to the rated power.  In this analysis, rated power is used to determine the energy use, 
however, this may result in some exaggeration of the benefits of the batch over a heel melter.  
Discussions with Inductotherm indicate that there is no difference in input materials, and thus the 
same inputs from the heel electric induction facility are used [12].  The batch electric induction 
facility would use a preheater to increase the melt rate.  Please see Table 3.6 for all batch electric 
induction input and output materials.            
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Figure 3.7: Cupola Melting Process Exergy Analysis Boundaries 
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Figure 3.8: Heel & Batch Electric Induction Melting Process Exergy Analysis Boundaries 
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Results 
 
Please see the Tables 3.4 – 3.9 and Figures 3.9 – 3.11 for the results of the exergy analysis.  Here 
each melting process is shown with detailed material and energy flows.      
 
Items not included in the melting technology analysis: 
 Refractory materials for lining the cupola and induction furnace 
 Cooling Water (since the boundaries are drawn large enough to have the inputs and 
outputs at standard temperature & pressure)   
 Capital exergy uses:  construction, etc.  
 Labor 
 
 
Ductile Iron – Cupola Melting Exergy Analysis 
Metallic Input Materials
and Alloys
1026 kg Ductile Iron Products
1000 kg
Slag
40 kg
Dust 
17 kg
Metallurgical Coke
125 kg
Natural Gas (Afterburners) 
5 kg
Oxygen Enrichment
33 kg
Boundaries are drawn around the entire facility so that 
all components are at standard pressure and temperature 
Limestone Flux & Limespar
42 kg
Carbon Dioxide
420 kg
Air
1772 kg
Nitrogen, Oxygen, 
Water Vapor
1477 kg
 
 
Figure 3.9: Cupola Inputs and Outputs (picture adapted from [13]) 
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Material Amount (kg) Weight Percent
Standard Chemical 
Exergy (MJ/kg) Exergy (MJ)
Percent Total 
Exergy
Input Materials
Steel Scrap 433 14.43% 6.89 2984.81 21.79%
Pig Iron 154 5.14% 8.18 1262.22 9.21%
Ductile Iron Remelt 390 12.99% 8.44 3291.22 24.03%
50% Ferrosilicon Briquettes 8.2 0.27% 18.58 152.98 1.12%
75% Ferrosilicon Briquettes 1.0 0.03% 24.51 25.22 0.18%
65% Silicon Carbide Briquettes 26 0.86% 31.73 816.34 5.96%
5% MgFeSi 11 0.38% 19.09 216.13 1.58%
Copper 2.1 0.07% 2.11 4.35 0.03%
Limestone Flux 26 0.86% 0.01 0.26 0.00%
Carbon 9012 1.0 0.03% 34.16 35.15 0.26%
Limespar (Desulphurization) 15 0.51% 1.95 30.05 0.22%
Metallurgical Coke (incl. upstream) 125 4.17% 33.90 4250.10 31.03%
Oxygen Enrichment (3.5%) 33 1.11% 0.12 4.13 0.03%
Natural Gas (Afterburners) 3.8 0.13% 51.84 198.78 1.45%
Air 1772 59.02%
Electricity 427.05 3.12%
Total Inputs 3003 100.00% 13698.79 100.00%
Output Materials
Ductile Iron Melt 1000 33.67% 8.44 8441.47 96.70%
Slag 39 1.33% 1.16 45.69 0.52%
Dust 17 0.56% 0.26 4.32 0.05%
Carbon Dioxide 420 14.15% 0.45 189.78 2.17%
Nitrogen 1429 48.12% 0.03 36.74 0.42%
Oxygen 55 1.86% 0.12 6.87 0.08%
Water Vapor 9 0.31% 0.53 4.79 0.05%
Total Outputs 2971 100.00% 8729.66 100.00%
Mass Difference 1.07%
 
 
Table 3.4: Cupola Melting Exergy Analysis 
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Ductile Iron – Heel Electric Induction Exergy Analysis 
 
 
Ductile Iron Melt
1000 kg
Slag
34 kg
Metallic Input Materials
and Alloys
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Input Electricity
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Dust
0.26 kgNatural Gas Preheater
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Figure 3.10: Heel Induction Melter Inputs and Outputs (picture adapted from [13]) 
 
 
 
Material Amount (kg) Weight Percent
Standard Chemical 
Exergy (MJ/kg) Exergy (MJ)
Percent Total 
Exergy
Input Materials
Steel Scrap 439 42.85% 6.89 3022.25 15.39%
Pig Iron 1.6 0.16% 8.18 13.43 0.07%
Ductile Iron Remelt 535 52.25% 8.44 4513.98 22.99%
65% Silicon Carbide Briquettes 4.3 0.42% 31.73 137.62 0.70%
75% Ferrosilicon 3.0 0.29% 24.51 72.46 0.37%
5% MgFeSi 14.8 1.44% 19.09 282.30 1.44%
Copper 1.7 0.17% 2.11 3.69 0.02%
Tin 0.005 0.00% 1.13 0.01 0.00%
62% Fe-Molybdenum 6.2 0.61% 7.28 45.35 0.23%
Carbon 9012 18 1.80% 34.16 628.45 3.20%
Natural Gas Preheater 0.02 0.00% 51.84 1.27 0.01%
Electricity 10916.73 55.59%
Total Inputs 1024 100.00% 19637.56 100.00%
Output Materials
Ductile Iron Melt 1000.2 96.69% 8.44 8436.45 99.29%
Slag 33.9 3.28% 1.14 60.05 0.71%
Dust 0.3 0.02% 0.26 0.07 0.00%
Total Outputs 1034 100.00% 8497 100.00%
Mass Difference -1.05%
Ductile Iron Heel Electric Induction Melting
 
 
Table 3.5: Heel Induction Melter Exergy Analysis  
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Ductile Iron – Batch Electric Induction Exergy Analysis 
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Figure 3.11: Batch Induction Melter Inputs and Outputs (picture adapted from [13]) 
 
 
 
Material Amount (kg) Weight Percent
Standard Chemical 
Exergy (MJ/kg) Exergy (MJ)
Percent Total 
Exergy
Steel Scrap 439 42.85% 6.89 3022.25 15.39%
Pig Iron 1.6 0.16% 8.18 13.43 0.07%
Ductile Iron Remelt 535 52.25% 8.44 4513.98 22.99%
65% Silicon Carbide Briquettes 4.3 0.42% 31.73 137.62 0.70%
75% Ferrosilicon 3.0 0.29% 24.51 72.46 0.37%
5% MgFeSi 14.8 1.44% 19.09 282.30 1.44%
Copper 1.7 0.17% 2.11 3.69 0.02%
Tin 0.005 0.00% 1.13 0.01 0.00%
62% Fe-Molybdenum 6.2 0.61% 7.28 45.35 0.23%
Carbon 9012 18 1.80% 34.16 628.45 3.20%
Natural Gas Preheater 0.02 0.00% 51.84 1.27 0.01%
Electricity 5418.00 55.59%
Total Inputs 1024 100.00% 14138.83 100.00%
Ductile Iron Melt 1000.2 96.69% 8.44 8436.45 99.29%
Slag 33.9 3.28% 1.14 60.05 0.71%
Dust 0.3 0.02% 0.26 0.07 0.00%
Total Outputs 1034 100.00% 8497 100.00%
Mass Difference -1.05%
Ductile Iron Batch Electric Induction Melting
Input Materials
Output Materials
 
 
Table 3.6: Batch Induction Melter Exergy Analysis  
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Energy Required for Melting Ductile Iron Actual Coke Utilized:
Heat of Fusion 12.287 kJ/mol Moles of Carbon 9,622.23 mol
Heat Capacity 0.0337 kJ/mol*K Exergy Released 394.4 kJ/mol
Temperature Raised to 1,524.00 C Total Exergy 3,795.01 MJ
Moles of Ductile Iron Melted 20,972 moles
Delta H Iron = 1141.25 MJ
Second Law Efficiency: 30.07%
Exergy of Inputs 13,698.80
Exergy of Useful Outputs 8,441.47
Degree of Perfection 61.62%
2nd Law Efficiency
Degree of Perfection
 
 
Table 3.7: Ductile Iron – Cupola Melting Efficiency Analysis 
 
 
 
 
 
 
Energy Required for Melting Ductile Iron Actual Electricity Usage
Heat of Fusion 12.287 kJ/mol
Heat Capacity 0.03368 kJ/mol*K
Temperature Raised to 1,454.44 C Total Exergy 10,916.73 MJ
Moles of Ductile Iron Melted 20,971 moles
Delta H Iron = 1092.06 MJ
Second Law Efficiency: 10.00%
Exergy of Inputs 19,637.56
Exergy of Useful Outputs 8,440.92
Degree of Perfection 42.98%
Degree of Perfection
2nd Law Efficiency
 
 
Table 3.8: Ductile Iron – Heel Electric Induction Efficiency Analysis 
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Energy Required for Melting Ductile Iron Actual Electricity Usage
Heat of Fusion 12.287 kJ/mol
Heat Capacity 0.03368 kJ/mol*K
Temperature Raised to 1,454.44 C Total Exergy 5,393.38 MJ
Moles of Ductile Iron Melted 20,971 moles
Delta H Iron = 1092.04 MJ
Second Law Efficiency: 20.25%
Exergy of Inputs 14,114.12
Exergy of Useful Outputs 8,440.82
Degree of Perfection 59.80%
2nd Law Efficiency
Degree of Perfection
 
  
Table 3.9: Ductile Iron – Batch Electric Induction Efficiency Analysis 
 
 
 
Conclusions 
 
The analysis of manufacturing processes requires the clear definition of the boundaries under 
consideration and explanation of the efficiency measures utilized.  As can be seen in the tables, 
the relative merits of a process will depend on the type of efficiency measure.  From the exergy 
analysis, cupola melting is shown to be the most efficient method of melting in terms of both the 
Second Law Efficiency and the Degree of Perfection.  However, when only the Degree of 
Perfection is considered, it does not appear to have much of an advantage over the batch electric 
induction melter.     
 
Though cupola melting is the more efficient process, it is only feasible for a foundry melting at 
high enough quantities to fully utilize it.  The emissions from cupola melting are also released 
onsite, whereas with electric induction melters, many of the emissions are transferred from the 
foundry to the power plant.  This may prove useful in urban settings and serve as a way to 
improve relations with the neighboring community.  
 
The efficiency of the induction melters has the possibility of being drastically improved through 
an improvement in the efficiency of the U.S. electric grid.   Additionally, a switch to renewable 
energy resources for electricity production would also change the relative attractiveness of these 
technologies. 
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In all melting technologies, a significant portion of the total energy input is lost to the 
environment in the form of heat.  Efforts to reclaim some of the heat from the flue gasses of the 
cupola would result in increased efficiency of the system and reduced overall energy 
consumption.  In the case of the electric induction furnaces, there are no flue gasses and the heat 
that is lost is in the form of radiation to the surrounding air.  An improvement in the insulation of 
the furnace or in the furnace lids would lower the electricity requirements, thereby having a 
positive impact on the energy use of the foundry and on profitability.   
 
In this analysis, the primary energy is accounted, but the embodied energy of the material inputs 
is not included.  There are some energy intensive upstream processes for these material inputs, 
such as pig iron smelting that was discussed in Chapter 2.  Since many of these materials inputs 
vary between the cupola and electric induction furnaces, the inclusion of this upstream energy use 
might alter our view of their relative benefits.  If we are going to use this analysis in order to 
decide on an appropriate technology to use in a new plant or in order to craft policy, then there 
are further details that need to be taken into consideration.      
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Chapter 4: Iron Casting and Metals Recycling in the U.S. 
 
 
Introduction  
 
Recycling of metals is advantageous for many reasons, including economics, energy 
conservation, pollution prevention and resource conservation.  Metals are in theory infinitely 
recyclable, retaining their properties through use and remelting.  However, in practice many 
metals are alloyed and not employed in their pure form in order to meet certain material property 
specifications, such as strength, ductility or durability.  In this chapter, we examine the role that 
the iron casting industry plays in the metals cycle in the U.S. and the problems that they 
encounter in this position.      
 
The majority of metal recycled in the U.S. is iron and steel, as can be seen in Table 5.1.  This 
table shows the total recycling of selected metals that are tracked by the U.S.G.S.  The recycling 
of metals is highly dependent on the demand for new products and their specifications.  If the 
market for new iron and steel products is soft, then no matter how advantageous recycling is there 
will be no buyers [1].    
 
2000 2001 2002 2003 2004
Tin 15,700 13,900 10,600 9,070 8,440
Titanium 18,500 17,002 11,603 14,340 18,500
Magesium 82,300 65,800 73,600 70,100 72,100
Nickel 86,500 81,200 83,900 83,500 83,300
Chromium 161,000 141,000 174,000 180,000 168,000
Zinc 439,000 375,000 366,000 345,000 349,000
Copper 1,310,000 1,150,000 1,050,000 944,000 965,000
Lead 1,130,000 1,100,000 1,120,000 1,140,000 1,110,000
Aluminum 3,450,000 2,970,000 2,930,000 2,820,000 3,030,000
Iron and Steel 74,600,000 70,600,000 70,000,000 65,500,000 66,500,000
Totals 81,293,000 76,513,902 75,819,703 71,106,010 72,304,340
 
Table 5.1: Selected Metals Recycling in the U.S (metric tons) [1] 
 
Metals enter the economy when they are mined and can remain in the economy for an extended 
period of time depending on the characteristics of the product.  If steel is formed into structural 
plates, it can remain in the product use phase for 100 years before it is recycled and begins its 
product life anew.  However, when lead is used as an additive in gasoline it quickly exits the 
cycle, as shown in Figure 5.1 because this is a dissipative use.  The same is true for the aluminum 
used in aseptic containers, which are not currently recycled and end their brief life as packaging 
in the landfill.          
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Figure 5.1: The Metals Cycle in the Economy 
 
In the U.S., the secondary iron and steel market is highly developed, with approximately 67 
million metric tons (Mt) of scrap consumed in 2004 (the last date with reliable available data) [2].  
This scrap includes home, new/prompt and old scrap.  The easiest scrap for industry to reuse is 
home scrap, which is scrap made at the foundry or steel mill and sent back for remelting within 
the same facility.  The chemical composition of home scrap is known and therefore there is no 
limitation on its inclusion in the new melt.  In 2004, approximately 14 Mt of home scrap was 
consumed.  The next most desirable form of purchased scrap is new (prompt) industrial scrap, 
which is generated in manufacturing and fabrication facilities and includes cuttings and discards 
from the production process.  This portion of the recycled iron and steel stream is approximately 
20 Mt.  Old scrap is any scrap that re-enters the materials stream at the end of its useful life as a 
product.  In 2004, approximately 33 Mt of old scrap was consumed.                   
 
Iron and Steel Recycling Consumption in 2004 
(Total 67 Mt)
Home Scrap
21%
Old Scrap
50%
New Industrial 
Scrap 
29%
 
Figure 5.2: Consumption of Recycled Iron and Steel in 1998 [2] 
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The largest single source of old scrap is discarded automobiles, which comprise approximately 
one sixth of the old scrap stream [3, 4].  Other sources of old scrap include structural components, 
appliances and steel cans.  This type of scrap is the most difficult to use because the chemical 
composition is variable and depends on the ability of the scrap dealer to separate the different 
kinds of materials.  Interestingly, the proportions of purchased and home scrap in the recycling 
stream have been changing over the last decade as noted by the U.S.G.S. [1, 4].  Over the last five 
years, there has been a shift in the amount of home scrap supply in the industry, shown in Figure 
5.3.  One reason proposed for this decrease is that the introduction of continuous casting 
processes has made steel casting more efficient, and therefore not as much home scrap is 
generated.  This trend towards the use of more old scrap implies that unless the incoming stream 
of old scrap can continue to satisfy industry purity requirements, more virgin materials will be 
required.     
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Figure 5.3: Distribution of Ferrous Scrap Over Time [2, 4] 
 
 
As can be seen in Table 5.2, approximately half the new iron and steel products generated in the 
U.S. are made out of recycled metal, both old scrap and new industrial.  Of all of the recycled 
iron and steel consumed in the U.S., about 13% is used by the ferrous casting industry, with the 
remaining 87% used by the pig iron, raw steel and steel castings industry [4].  This is equal to 
about 8.5 Mt of total scrap use in making ferrous castings in 2004, with about 2.4 Mt of that being 
home scrap.  When you take into account the approximately 1 Mt of pig iron used by the industry, 
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you can calculate a melt charge percentage of about 25% home scrap across all ferrous melt types 
and processes.   This number is in agreement with numbers for gray iron foundries received from 
industry partners.  This also means that the industry purchases overall about 86% recycled metal 
for the production of ferrous castings.   
 
U.S. Production of Iron & Steel Products
Steel Mill Products 104 Mt
Iron Castings 8.5 Mt
Steel Castings 1.1 Mt
Total 113.6 Mt
U.S Consumption of Recycled Iron and Steel
Net Reciepts of Ferrous Scrap 20                                  Mt
Old Scrap 33                                  Mt
Total 53                                     Mt
Recycled Percent of U.S. Production 47%
 
Table 5.2: Recycled Percent of U.S. Production [2, 4] 
 
 
 
 
Environmental Benefits of Closing the Materials Loop 
 
 
As explained by Graedel and Allenby, industrial ecology borrows its ideas very heavily from the 
field of biological ecology [5].  The natural world has developed to a complex state where all 
waste products from one organism are the resources for another organism.  Industrial ecology 
holds this as the ideal for the industrial organism: where wastes are not sent to landfills or emitted 
to the air and water, but are reused through the industrial system.  Metals have some of the 
highest recycling percentages of resources that are used in manufacturing. 
 
As seen above, 67 Mt of iron and steel were recycled in the U.S. in 2004 alone and this secondary 
production represents a large avoided impact on the environment.  The avoided impact consists 
not only of solid landfill space, but in mining wastes that were prevented and primary fuels that 
would have been used for smelting ore.  The energy savings from this recycling flow is quite 
significant as can be seen from the numbers Chapman and Roberts calculate in their book Metal 
Resources and Energy:           
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Metal Primary/Secondary MJ/kg Assumptions
Steel Primary 31.3 Average production in a basic oxygen furnace
Secondary 8.7 100% scrap in an electric induction furnace
Copper Primary 91.0 - 184.0 Best (1% Ore) - Worst (0.3% Ore) 
Seconday 13.0 - 37.0 High grade scrap - Low grade scrap 
Aluminum Primary 270 From Bauxite
Secondary 16.5 Average scrap
Zinc Primary 61 5% ore
Secondary 24 Average scrap
Lead Primary 39 2% ore
Secondary 9 Average scrap
Titanium Primary 430 From beach sands
Secondary 140 Includes refining alloys  
Table 5.3:  Materials Processing Energy Requirements [6]    
 
This means that for every metric ton of secondary iron or steel produced, approximately 22.6 GJ 
of fuels are not expended.  For the year 2004, this represents a total savings of about 1.2 x 10
9
 GJ 
for all of the purchased recycled iron and steel (53 Mt).  The total direct industrial sector energy 
use for 2004 as calculated by the EIA was 35.33 x 10
9
 GJ and approximately 80% of this was 
manufacturing, which makes the manufacturing sector energy use equal to 28.27 x 10
9
 GJ.  The 
savings represented by the use of just recycled iron and steel in 2004 is equal to 4.2% of the 
whole manufacturing sector energy consumption.  This is not a small contribution and the 
importance of metal recycling is underscored when the savings are calculated for some of the 
non-ferrous metals, such as aluminum, copper and titanium.   
 
 
Recycling Problems  
 
The foundry industry uses a high percentage of recycled materials because of the cost efficiency 
of using scrap over pig iron.  However, there are a few problems that have been plaguing the 
industry, causing friction with environmental groups and quality control problems in the castings.  
The first is the presence of mercury in the melt and the second is the progressive switch in the 
automotive industry to high alloy steels.   
 
Mercury finds its way into furnaces across the country in purchased automotive scrap, which as 
discussed earlier, makes up a large fraction of the ferrous scrap stream.  The automotive industry 
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uses mercury in switches for lights and they are not currently consistently removed during the 
end-of-life recovery process.  Mercury is very volatile and is therefore not a problem in the 
metallurgy of the castings because it is released in the air emissions from the furnaces.  Since the 
scrap is already shredded and compacted by the time it arrives at the foundry, there is no 
possibility for the foundry to police itself and remove the switches.  However, since they are the 
emitter of the mercury into the environment, foundries are concerned that they will be monitored 
and emissions rules will be instituted that they cannot meet.  An approach that the foundry 
industry would be in favor of is regulating the automobile dismantlers so that they never get the 
mercury switches in the first place.  Minnesota has already instituted a law requiring dismantlers 
to remove the switches and several other states including New Jersey and Ohio are looking into 
this [7].  The dismantlers would prefer not to take on this additional burden of hand removal and 
hazardous waste disposal, but since there is already mercury in the stock of cars entering the 
recycling stream, there does not appear to be a better way to reduce the foundry mercury 
emissions.           
 
The second issue is also of major concern to the foundry industry because it affects their ability to 
meet the material specifications of their customers. The presence of trace metals in certain steels 
is desirable because it helps to increase the tensile strength of the material.  The automobile 
industry has been using new high alloy steels in order to reduce vehicle weight and thereby 
improve fuel economy.  Alloys in new steels can include niobium, copper, molybdenum, 
antimony and boron.  Small amounts of these alloys in the melt can cause quality control issues in 
a casting due to changes in the microstructure of the metal.  Ductile iron casters especially need to 
monitor the melt in order to ensure that that there are not too many trace elements that will 
prevent them from meeting the specifications, such as for machinability.  As discussed in Chapter 
1, ductile iron is the growing portion of the cast iron sector, which now accounts for nearly half of 
all cast iron shipped.  Because of tight materials specification constraints, they cannot use old 
scrap due to unknown and uncontrollable quantities of tramp elements.  If ductile iron continues 
to expand, while the gray iron market contracts, as it is expected among industry consultants [8], 
then less old scrap will be used by the industry in the future. 
 
In addition to causing problems in the melt, the inclusion of these metals in iron and steel 
products effectively represents their loss.  It is extremely difficult to remove them from the melt 
once they are present because many of them have lower tendencies to oxidize than iron and 
therefore they cannot be recovered and recycled [9].  From a natural resource use perspective, this 
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is especially concerning for copper and molybdenum because they are in limited supply.  Both of 
these metals have reserves that will only be adequate for 25-50 years based on the production 
levels from 1992 [10].  They will continue to increase in price as they become scarcer and their 
use in steel will fall accordingly.  However, if there are uses for these metals for which there are 
no appropriate substitutes, then it is important to use them wisely and not disperse them [5].   
 
In order to recycle the highly alloyed metals that are found in both old and prompt scrap, it is 
necessary to dilute them with pure virgin metals to ensure that the tramp elements, which were 
once desirable, do not impact the materials specifications for the new product.  As ductile iron 
becomes a larger fraction of the ferrous casting industry and the automobile industry uses more 
alloys, this will continue to become a larger problem.  In the worst case scenario for the iron 
casting industry, they may be forced to use only pig iron and no scrap metal if only highly alloyed 
steels are used in the automotive industry.   
 
Based on the 2004 numbers from the U.S.G.S, 6.3 Mt of ferrous scrap was purchased by the 
ferrous castings industry.  The additional energy that would be required to use all pig iron instead 
of scrap would be about 1.4 x 10
11
 MJ (using the number from Chapman & Roberts – it would be 
1.12 x 10
11
 MJ using the numbers for pig iron in Chapter 2).  Per current Ph.D. thesis research 
being done by Lynette Cheah at MIT, we already know that fuel consumption and vehicle weight 
are correlated by the equation 3.10059.0 += mFC , which corresponds to a 10% reduction in 
vehicle weight resulting in a 5-7% improvement in fuel economy [11].  The following argument 
follows from this research.  The average fuel consumption in the US light duty vehicle fleet in the 
US today is 11.5 L/100 km.  Total fuel use by the light-duty vehicle fleet in 2006 was 580 billion 
L, and therefore the effective distance traveled was 5.04 x 10
12
 km.  Using a conversion factor of 
34.6 MJ/L, the total annual energy use by the vehicle fleet is 2 x 10
13
 MJ.  In order to cover the 
additional energy use involved in using all pig iron, the total energy use should go down to 1.986 
x 10
13
 MJ.  This is a decrease of only 0.7% of annual fuel consumption by the light duty fleet.  
Assuming that the same distance would be traveled, this fuel consumption of the vehicle fleet 
would need to be 11.39 L/100 km.  The average weight of light vehicles today based on the 
equation above is 1729 kg and the new improved vehicle weight to make up the difference in 
energy use of materials would need to be 1710 kg.    
 
This vehicle weight reduction of 19 kg out of 1729 kg represents just a 1.1% weight reduction in 
the vehicle fleet to make the change in materials energy neutral.  This weight reduction can not 
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happen overnight since the stock of vehicles turns over very slowly, but the point made is that the 
weight reduction required to make this materials production switch feasible based on current 
techniques/technology is possible.  The weight of vehicles varies much greater than this amount 
over time and across countries.  The use phase of the automobile, as noted by Sullivan, et al, in 
their life cycle analysis of the automobile, is the most energy intensive phase by several orders of 
magnitude [12].  Therefore, new materials that can increase fuel economy can have a use phase 
energy reduction that more than offsets the energy use increase in the materials production and 
manufacturing stages.     
 
 
Metal Recycling in the U.S. and the Competitiveness of the Casting Industry 
 
The industry uses a majority of scrap metal in the creation of new products and therefore plays an 
important role in the metals cycle in the U.S.  However, there is concern in the iron casting 
industry over decreased competitiveness against international exporters.  This concern is 
validated by the quick rise of China, which has overtaken the U.S. as the largest producer of 
castings in the world with 24.4 Mt sold in 2005 to the U.S.’s 12.9 Mt. If factors compound that 
cause U.S. foundries to no longer be competitive with global offerings, then the foundries will be 
forced to move off-shore.   
 
There are several dimensions along which a company can base their competitiveness strategy: 
low cost, quality differentiation and responsiveness [13].  These strategies can be employed in 
different ways and can include having flexibility in design or volume, fast delivery, better after-
purchase service, high quality and lower prices.  The U.S. International Trade Commission 
(USITC) conducted a study of the casting industry in 2005 that analyzes the strategies of 
foundries in the U.S.  They found that there are comparable raw material prices in all countries, 
but that product quality, labor availability, technology advancements and exchange rates vary 
widely.  The U.S foundries were found to compete on the basis of complex casting ability, shorter 
lead times, cheaper transportation costs and their ability to provide technical and customer 
services.  The main advantage of foreign competitors is reduced production cost due to lower 
labor cost.  In the USITC study, consumers of foundry products were interviewed and it was 
found that price is the most important factor governing purchasing decisions and this explains the 
increasing market share of foreign competitors [14]. 
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The strategies that are available to the U.S. ferrous castings industry are based on proximity to 
materials and customers.  There is a delivery time advantage due to shorter shipping distances and 
transportation costs for both the ferrous scrap and casting products will be lower.  This is an 
important consideration especially in times of high oil prices.  The castings themselves are 
produced with coke or electric power, but the freight costs are directly linked to the state of the 
petroleum market.  If, as projected, oil prices continue to increase due to the industrialization of 
the developing countries and the lack of new large oil fields to satisfy this increase in demand, 
then this advantage will be significant [15].  Foundries in the U.S. also have the advantage of 
greater responsiveness to the needs of their customers because they can maintain the types of 
close relationships that the distance to off-shore facilities does not make easy. 
 
Additionally, as the environmental impacts of finished products become more important, it might 
be possible for U.S. castings companies to market their reduced footprint due to better technology 
and productivity.  Most automobile manufacturers keep track of the emissions of their own 
production, and if this interest moves up the supply chain due to public interest or government 
regulation, there will be an advantage to U.S. manufacturers using more efficient technologies.  
When products are environmentally friendly, a company can often charge a premium for them, 
even when the product in question is a commodity.  One example of this is organic fruits and 
vegetables, which are a fast growing part of the agriculture industry and command a higher price 
due to perceived benefits to the environment and therefore health.  This example may not map 
directly to the iron casting industry, but it is indicative of the way that public concern for the 
environment and health can transform an industry in a short period of time.       
 
Further analysis of the effects of policy and regulation of the U.S. foundry industry will be 
discussed in the final chapter, entitled Moving Forward.  Here we will explore the theory behind 
pollution control policy and the ability of government policy to both promote industry while 
protecting the worker and the natural commons.   
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Chapter 5: Moving Forward 
 
 
Policy Options for Sustainability 
 
The major question that develops out of the previous discussions of technology choice and 
competitiveness is: what policies can we institute that will improve the ability of the iron casting 
industry to compete on a global scale, promote jobs in the U.S. and also reduce their 
environmental impact?  These goals are aligned with the ideals of sustainability and the policies 
that address these issues will improve the sustainability of the iron casting industry. 
 
In the Brundtland Commission report, sustainability was defined as the ability to meet the needs 
of the present population without affecting the ability of future generations to meet their own 
needs [1]. The current development path is far enough off from this ideal that we cannot even 
provide for a large percentage of the current world population, let alone worry about the 
generations to come.  In order to create policies that will enable us to achieve this objective, we 
have to craft a vision for the future.  The first question to answer is whether the metal casting 
industry should be a part of this vision and then if it is, discuss how we can influence the industry 
so that they can create more using fewer resources.   
 
As discussed in Chapter 1, metal casting supplies a variety of very important U.S. industries.  The 
casting industry makes necessary components of the products that we purchase every day, in 
addition to parts for the machinery that manufactures those products.  The largest consumer of 
castings is the automotive industry and unless a method of transportation other than the internal 
combustion engine is developed, casting will continue to be an integral U.S. industry.  The 
question of whether it is most beneficial for the U.S. to make castings at all or to cede the 
industry to developing country competitors is one for economists, but as long as there continue to 
be foundries in the U.S., there are steps that we can take can to align their interests with the 
interests of a sustainable society.                           
 
Since the industry is an important part of the U.S. manufacturing base for the foreseeable future, 
it is important that we devise policy that will encourage the industry to reduce their natural 
resource use and emissions.  However, finding ways to increase the efficiency of the industry is 
not enough to ensure that there will be an absolute reduction in impact.  In fact, the exact opposite 
has been found in practice [2, 3].  The economist Stanley Jevons first wrote about this paradox in 
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1865 when describing the way that an increase in the energy efficiency of iron smelting actually 
increased coal consumption as demand for iron increased, spurred by the drop in price associated 
with that efficiency [4].  Herring provides a comprehensive overview of the debate on energy 
efficiency and its unintended effect on resource consumption [5].  Given this understanding, we 
begin with ways that the industry can work to reduce their environmental impact and then discuss 
the national policy that would enable this efficiency to result in resource use reduction instead of 
increase.            
 
Within the iron casting facility, there are many opportunities for efficiency improvements and the 
prevention of pollution through process modifications.  It is in the interest of the casting industry 
to find ways to reduce the amount of input materials per unit of output because this will have a 
direct effect on their profitability.  We have already seen that there are new technologies, such as 
advanced oxidation, which have the ability to reduce input materials, waste creation and 
emissions.  This area of research is only one of many foreseeable developments.  Research by 
Bunge, et al, shows that by incorporating workers into their pollution prevention initiatives, 
manufacturers can substantially reduce their emissions [6].  The theory behind this phenomenon 
is that workers are better informed than management as to where waste and inefficiency occurs 
because they are the most familiar with the processes.  When workers feel empowered to make 
recommendations, then additional savings can be found.  Additionally, the industry and its 
regulating bodies should work together to support and guide academic research in order to direct 
attention to the areas of greatest concern, such as organic hazardous air pollutants in the green 
sand molding process.   
  
The issue of regulation is a highly charged one for the casting industry.  Through discussions with 
industry representatives, the impression is that the overall relationship between the EPA and 
industry is rather antagonistic.  They feel that their concerns are not understood and that the 
emissions limit levels do not really contribute to the well-being of the community because they 
are arbitrary, including some chemicals and not other equally dangerous ones.  They also 
complain that since the EPA must write rules of some kind in order to fulfill their congressional 
mandate as a part of the Clean Air Act that they simply choose the areas that are easiest to 
regulate and not the places where the real problems are, creating expensive rules with no real 
environmental gain.  For instance, the 2004 National Emissions Standards for Hazardous Air 
Pollutants (NESHAP) for Iron and Steel Foundries [7] regulates metal HAPs from furnaces but 
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completely ignores volatile organic compound creation in the remainder of an existing foundry, 
which some in the industry would argue is a much bigger environmental concern.           
 
One of the major problems that this antagonistic relationship poses to the public health is that the 
industry is not willing to let the EPA have access to their data.  The industry is much more 
knowledgeable than the regulators are about their emissions and where the easiest possible 
sources of emissions reductions could come from.  However, because they do not trust the EPA to 
make rules that are fair, they will not share the information.   
 
The EPA often uses process specification control mandates, as these are easier to monitor than 
emissions limitations.  It is arguably much preferable though to prevent pollution in the first place 
rather than install end-of-pipe controls like thermal oxidizers, which may use more electricity or 
natural gas, thereby creating more greenhouse gases.  Additionally, foundries can often find less 
expensive ways to meet the regulations if they are able to choose from several available options 
instead of being forced to use one particular technology.  However, it will take more regulatory 
oversight to review the test results that prove a foundry is within its limits.  The major benefit of a 
process control mandate is that it is very simple to tell if a company is in compliance.  The EPA 
has in fact started moving towards the emissions limit form of regulation in the NESHAP.  The 
limits specified correspond to the minimum levels that can be reached using the best available 
technology, but the technology itself is not required.  An area for increased R&D funding that 
would improve this situation is in cost effective continuous monitoring devices to reduce the cost 
of compliance with emissions limits.         
 
Escalating targets in environmental performance and health and safety standards can help to spur 
innovation in cleaner technologies.  However, in personal discussions with representatives from 
the iron casting industry they tend to disagree with this method of regulation. They argue that it 
makes planning for the future difficult and encourages half-step fixes as the regulations come into 
effect instead of new radical process changes.  Many decisions at foundries are made on the basis 
of current and new regulations because each year they invest in capital upgrades.  When EPA 
rules dictate new pollution controls, they must comply at the expense of new process 
improvements because of a limited supply of funds for capital improvement.  There are cases 
where new process improvements would actually allow a foundry to meet new standards without 
pollution control.  Emissions limits, instead of pollution control technology specification allow a 
foundry to use whatever method suits them best – sometimes even resulting in win-win scenarios, 
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like the advanced oxidation blackwater system which is a process change that both saves money 
and reduces emissions.     
 
A regulatory policy approach to pollution control that the industry would advocate is risk-based 
emissions limits.  This approach would feature absolute limitations on emissions based on the risk 
that they pose to people and the environment.  In this way, all chemicals would be addressed and 
not just ones that are currently listed as hazardous air pollutants.  The feeling is that this would 
make the rules fairer and give them a more scientific basis.  A problem with this approach is that 
there is a lack of science to support firm limits on all of the different types of new pollutants that 
are released and these numbers often fluctuate with new research.  The precautionary principle as 
it appears in the Clean Air Act states that there must be an “adequate margin of safety” when it 
comes to public health [8].  The problem that arises is that regulators and industry must then 
agree as to what amount of risk is acceptable for all the different types of pollutants and all the 
different environmental and public health problems they can cause.  Additionally, this type of 
rulemaking does not take into account the way that two or more different pollutants together can 
be much more hazardous than either alone.  This line of thinking does have merit though because 
it addresses the need to address all similar dangerous chemicals in the same way, which is not 
currently the case.             
 
There is concern in the U.S. casting industry that current regulations are exacerbating the cost 
differences between U.S. producers and foreign competitors and therefore hurting the ability of 
the U.S. to compete globally.  The USITC cites three major areas of regulation that the industry 
feels affects their businesses: environmental, worker health & safety and trade policy [9].   Their 
findings indicate that 5% of industry expenditures on capital investments were for environmental 
control technologies.  A major cost addition is simply the sheer number of different 
environmental regulations which must be followed, including those set by national, state and 
worker health regulatory commissions.  This is an argument for a comprehensive stringent 
national policy that would reduce the amount of overhead required to meet the regulations, 
especially by businesses with facilities in different states.  However, today, the typical scenario is 
for state regulations to be more stringent than the national ones, with California leading the way, 
and there is no sign that this will change in the near future.          
 
If the efficiency gains at the casting facility that are advocated above are not to be turned into 
lower prices for castings, and therefore into increased demand for castings with their associated 
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natural resource consumption, then there needs to be a change in the way that natural resources 
are priced.  Currently, the market does not value the services that nature provides to businesses, 
such as clean air, water and soil fertility.  If sustainable development and competitiveness is the 
goal of a society, then the tax structure should support this by penalizing those things that inhibit 
its ability to be sustainable and subsidizing the things that enhance it.  For these reasons, labor 
and income should not be taxed and instead, as promoted by many various ecological economists 
and environmentalists [10-12], we should be taxing natural resource use, waste and pollution.  
We can tax these environmental externalities in order to give products a price that represents the 
full cost of production to society [5] and takes into account the irreplaceable nature of many 
resources [13].  Governments need to collect funds in order to support their programs and since 
an intervention into the market of some kind is inevitable in this process, we should use this 
intervention to promote society’s goals and values.  This change would have to be done slowly 
and on a revenue neutral basis, but it would fundamentally alter the way that business is done in 
the developed world.  Companies will be influenced to hire more labor and to use less materials 
and energy.  They would also be motivated to create recyclable products because of the increased 
cost of virgin materials, thereby moving towards a closed loop society.          
 
Since metal recycling is such an important part of the materials consumption of the U.S., it is 
important to consider how environmental policymaking affects the ability of iron and steel 
producers to continue to use high levels of scrap.  Especially from a global warming perspective, 
it is advantageous to society to continue promoting the use of scrap metals.  Following from the 
arguments above, taxes on greenhouse gases and other pollutants instead of taxes on labor and 
income would give foundries the proper incentives to find ways to increase the percentage of 
scrap metals that they use.  This might involve slightly more manpower in the separation and 
classification of materials, but if the incentive structure is priced correctly the trade off will be 
economically beneficial.            
 
A possible effect of a policy program that regulates and taxes emissions is to export the pollution 
and waste to the developing world, which must be avoided.  Environmental regulations in many 
developing countries are less stringent than those of the U.S. and therefore moving these 
industries off-shore is not only a means for exporting our pollution, but exporting more pollution 
than would be made in the U.S.  The problem with currently instituting the types of regulation 
that would assess taxes on incoming goods based on emissions is that the rules of the World 
Trade Organization (WTO) and the General Agreement on Tariffs and Trade (GATT) makes it 
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such that a nation is not allowed to use environmental policy as a factor in importing goods [14, 
15].  These types of tariffs are seen as technical barriers to trade, where the way that a product is 
made is regulated and not the product itself, which is illegal under the current system.  However, 
it is possible that this may be changing, as shown in the WTO’s ruling in the recent Shrimp-Turtle 
case where they stated that the U.S. could have prohibited the import of Indian and Thai shrimp 
because the shrimp farmers did not use precautions to prevent harm to endangered sea turtles, if 
they had done so without discrimination between nations (which they did not and therefore lost 
the case) [16].  The WTO/GATT would not be an issue though, if U.S. made goods were taxed 
based on their resource use and emissions, because then it is within the rights of the nation under 
these trade agreements to impose the countervailing taxes on incoming goods [11, 14].  These 
types of policies would benefit the foundries in the U.S., which are currently being undercut at 
the expense of the environment and worker health and safety in other parts of the world.  
Developing countries would be pushed to meet higher environmental standards, however they 
would still retain a low wage benefit and other lower operational cost burdens to give them a 
competitive edge against the developed world. There may be some resistance to this idea 
however, since the developing countries try to attract industry to their countries through lower 
regulatory burdens.        
 
A cleverly thought out national policy on resource use and emissions can give industry the 
incentive needed to align their interests with that of a sustainable society.  Improving the 
relationship between the casting industry and its regulating bodies is a first step in helping them 
to improve their footprint.  However, a change in the tax structure is necessary if the casting 
industry is to create and implement the kinds of breakthrough technologies that will increase the 
efficiency of natural resource consumption and lower emissions, while preventing the “rebound 
effect” overall increase in impact.          
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